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Abstract 

 
Water crisis and global warming are two of the biggest challenge of the world. Around 1.1 

billion people in the world do not have access to clean water whereas producing water by 

different purification methods required extensive amount of energy which is generated by 

burning fossil fuels impacting the environment. This thesis proposes a design of a solar 

powered reverse osmosis desalination system for a community in Pakistan, which would 

address the water issue problem for a community in Karachi Pakistan. The design and system 

sizing of the solar powered reverse osmosis system was done in HOMER Pro followed by 

techno-economic feasibility analysis of the complete system. The comprehensive dynamic 

modelling of the system was carried out using the bond graph modelling approach where 

multidisciplinary systems are modelled using a common bond graph language. 20sim 

simulation software was used for dynamic analysis of the system. Moreover, a detailed 

instrumentation system design and control system design was made. After finalization of 

instrumentation and control design a low-cost, open-source, internet-of-things (IOT) based 

SCADA system as design was made using field instrument devices and Node-Red. A 

comprehensive alert system was further integrated with the SCADA design to provide status 

and updates to the community. Local database was also generated and data was imported by 

Grafana data analytics tool for making data-driven decisions. A complete laboratory 

experimental setup was made to verify the SCADA based alert system.  Lastly, conclusions 

are provided based on the research conducted in each section of this thesis, and areas for future 

research have been identified. This work will provide solution for clean drinking water for a 

community in Pakistan with robust supervisory control and data acquisition system. 
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CHAPTER 1: INTRODUCTION & LITERATURE 

REVIEW 

 
1.1. Introduction 

 
Pakistan economy mostly relies on agriculture and around 22.2% of that contributes to its 

overall GDP [1]. Approximately around 42.3% of the labor in Pakistan is employed from the 

total labor strength [2]. In 1950s Pakistan has the water capacity of around 5000 m3 per capita 

and it has decreased now to 1000 m3 per capita [2]. By 2025 the water shortfall is approximated 

to reach 150.8 Million acre – feet [1]. The scarcity of freshwater is a concern whole around the 

world. Approximately 1.1 billion population of the world have inadequate access to quality 

fresh water for drinking purpose.  

With the advancement of technology and increase in world’s population, the demand for the 

consumption of fresh water has increased overall worldwide. The most affected provinces of 

Pakistan are Sindh and Baluchistan when it comes to freshwater availability. United Nations 

World Water Development (UNWWD) published the report which elaborates that the demand 

for water consumption has increased from 2,961 to 3,420 m3 per cap from the year 2000–2005 

respectively. According to Pakistan Water Partnership, there were 24 million acre feet of 

ground water and 153 million acre feet of surface water reserves. According to the United 

Nations Educational, Scientific and Cultural Organization report, Pakistan available water 

supply is just above 1000 m3 per capita which puts the country in the list of water stress 

countries [3]. According to estimates, the population of Pakistan will going to be nearly double 

in the next 25 years and this will further decrease the per capita availability of water. 

Approximately 36% of groundwater in Pakistan is considered as water that has high 

concentration of dissolved salts. Due to less or no availability of water in some parts of country 
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and especially in the affected regions, people are now relying on pumping groundwater for 

their usage.  

Overall worldwide, the countries that are facing difficulty in availability of freshwater are now 

relying on water desalination processes as this method allows to generate fresh water supply 

but at the cost of electricity consumption. According to an estimate it take 10,000 ton/yr of 

crude oil to produce 1000 m3/day of desalinated water from the process of thermal desalination 

[4]. This energy requirement is a big challenge as the world is already heading towards a big 

global climate change. Extracting this much amount of energy from the conventional thermal 

power plants would not only make the environment poor but would put the cost of production 

of water at a very higher rate. The renewable energy is the solution to that problem and solar 

powered reverse osmosis plants can be very beneficial when it comes to elimination of 

utilization of fossil fuels. Hence renewable technology based reverse osmosis systems can be 

a good source of sustainable fresh water production method [5]. 

Pakistan is not a country that is rich in energy production although it has huge reserves. 

Thankfully, it lies on the region of good solar irradiance ranging from 5–7 kWh per m2 per 

day and sunshine hours of 1,500–3,000 [6] which can be used as an advantage for solar 

powered reverse osmosis systems. The desalination process now is used worldwide and its 

utilization trend has shown an increase in the recent years [7]. The Solar powered reverse 

osmosis is a unique idea for converting the saline or brackish water to fresh water as the water 

passes through membranes and remove approximately 98% - 99.5% salt from it [8]. 

With all of these factors being said and issues that Pakistan as a country has, powering a reverse 

osmosis system for extracting drinking water for a community in Pakistan using renewable 

energy sources makes a very favorable solution.  

1.1.1. Pakistan Solar Potential 
 

The location of Pakistan on map lies within latitude 23.45º to 36.75ºN and longitude 61º to 
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75.5ºE. The Renewable Energy Policy 2006 [9] of Alternative Energy Development Board 

(AEDB) Ministry of Energy and Power division Pakistan, explains that Pakistan is highly rich 

in terms of solar energy. The provinces of Baluchistan and Sindh receive the most solar 

irradiance in overall Pakistan which means that majority of southern Pakistan has the highest 

solar irradiance. The annual average horizontal solar radiation per day in these provinces is 

more than 5.48 kWh/m2 [9]. The National Renewable Energy Laboratory (NREL), Golden 

Colorado USA in collaboration with USAID, Pakistan Meteorology Department (PMD), and 

AEDB developed the Pakistan solar map based on the satellite data available from April 2002 

to September 2005 and shown in below figure 1.  

 

Figure 1: Pakistan Global Horizontal Solar Radiation [9]. 

From the Fig 1 it can be seen that majority of the country receives a solar radiation of more 

than 5.0 kWh/m2. The annual average solar radiation of Pakistan is about 5.5 kWh/m2. The 

Areas of Sindh and Baluchistan are even richer in terms of solar radiation excluding the coastal 

areas of these provinces. The AEDB report also recommends very large-scale solar power 

generation installation in the following areas:  

(i) Baluchistan province,  

(ii) Thal Desert and Cholistan area in Punjab province 
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(iii) Thar Desert in Sindh province 

These areas have a huge amount of barren land available which is not good for other useful 

work such as agriculture and industries so this place would provide a perfect opportunity for 

capturing of renewable energy from the sun. The table 1 below shows global horizontal solar 

radiation captured from the website of NASA for 22 years period (July 1983 to June 2005).  

Table 1: Province wise global horizontal solar radiation of Pakistan [9] 

 

The table 2 shows the earth mean temperature values of three major areas of Pakistan which 

includes province Sindh, province Punjab and the Capital city of the country Islamabad.  

Table 2: Earth Mean Temperature [9] 
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It can be seen that the data gathered from the NASA website and the solar radiation map of the 

country both are almost the same hence the map can be used for further site selection and 

designing of solar powered reverse osmosis system for drinking purpose for a community in 

Pakistan. 

1.1.2. Types of PV cells 

 
There are different types of photovoltaic cells which can be used for powering up the reverse 

osmosis desalination system: 

 Monocrystalline cell: These were the first ever commercially available solar cells. It 

was created from the extremely purest form of silicon. It has a continuous single lattices 

which was molded to form thin wafer and eventually formed the p-n junction. These 

cells are very efficient but expensive as their manufacturing process is very complex 

and slow as compared to other types [10]. The Figure 2 shows the physical appearance 

of monocrystalline cell. 

 

Figure 2: Monocrystalline Panel [11] 

 Polycrystalline cell: As its name says poly which means many, this type of cells is not 

formed from a single crystal rather it is formed using many small grains of crystals. It 

is formed by cutting silicon into thin plates. These cells are cheaper but less efficient 
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compared to others and is used mostly worldwide [10]. The Figure 3 shows the physical 

appearance of polycrystalline cell. 

 

Figure 3: Polycrystalline Panel [12] 

 

 

 Thin Film cell: These are the type of cells which are most flexible and durable as these 

are produced by depositing thin layer of photovoltaic material over plastic metal or 

glass. These cells use very less amount of silicon in an unorganized manner and that is 

why they have the least efficiency. Due to less usage of silicon and easy manufacturing 

process these are the cheapest type of photovoltaic cell available in the market [10]. 

The Figure 4 shows the physical appearance of thin film cell. 
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Figure 4: Thin Film Panel [13] 

1.1.3. Types of Water Desalination Systems 

 
There are two main types of water desalination technologies used at commercial scales: 

 Membrane Type 

o Reverse Osmosis  

 Thermal Type 

o Multiple Effect distillation 

o Mechanical Vapor Compression 

o Multistage Flash Distillation 

The Membrane type reverse osmosis uses the osmosis principle for the removal of impurities 

which includes salt etc. through a series of semi-permeable membranes whereas the Thermal 

type uses heat energy and applies the principle of evaporation on water for purification 

followed by condensation [14]. 

1.1.4. Comparison of Thermal Desalination with Reverse Osmosis 
 

It was not until 1950s that the RO technology was developed and currently it is being used 

globally [14]. RO has a series of process to be done on impure water after which it can be 

purified. The major factors which are important in the selection of appropriate RO system 
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includes: 

 Source water quality 

 Required water quality and quantity 

 Pretreatment of water 

 Total energy required 

 Concentrate disposal 

A normal osmosis process need water naturally disposing from the area of lower concentration 

to the region of higher concentration through a membrane. The Figure 5 show the normal 

osmosis process in which a dilute solution containing a high concentration of water molecules 

travel to concentrated solution containing a low concentration of water molecules. 

 

Figure 5: Normal Osmosis Process [15] 

Similarly, if we apply external pressure in opposite direction to this natural flow then it is called 

reverse osmosis. Hence, if pressure is applied to seawater or ground water and it is passed 

through the membrane then all of the salt containing water will accumulate to the high pressure 

side of cell whereas all the clean water will be captured in the low pressure region [14]. The 

Figure 6 show the explanation of process of reverse osmosis. 
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Figure 6: Reverse Osmosis [16] 

On the other hand, Thermal desalination is a very natural process in which water evaporates 

from the ocean and then gets accumulated in the air. It is then released by either in the form of 

rain or snow and then it is collected. Since the most important part in thermal desalination 

process is the availability of heat for evaporation, hence some thermal desalinations are often 

used in power plants and oil refineries where there is excessive heat energy available to be 

reused for such processes [14].  

1.1.5 Reverse Osmosis 
 

Reverse osmosis convert unfiltered feed water to clean water when feed water is pressurized 

and passed through a membrane as shown in Figure 6. The water flows through the membrane 

and more contaminants are accumulated to the more concentrated side of the membrane 

whereas clean drinking water is accumulated to less concentrated side of the membrane. 

Normally we call the unfiltered water as feed water, the clean water as permeate and the 

concentrated contaminated water as the waste or brine. A membrane is an equipment that has 

small pores that allow water molecules to pass through but stop contaminants. In normal 

osmosis, on both sides of membrane equilibrium is obtained but in the process of reverse 

osmosis a constant pressure is being applied to feed water which ensures that brine and 

permeate are not mixed and collected separately.  
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At the first step, sediments and chlorine is removed from feed water using a pre filter which 

has a sediment and carbon filter. This process will ensure that membrane is not damaged and 

it will increase its lifetime. Then the water is pressurized and sent to the membrane for the 

removal of dissolved contaminants. This is the most important step during the whole RO 

process as in this step dissolved particles of the smallest size are separated by the help of 

membrane. It removes dissolved solids like arsenic and fluoride through the RO membrane. 

The following below are removed from water as a result of reverse osmosis process: 

 Fluoride’s 

 Salt 

 Sediments 

 Chlorine 

 Arsenic 

 Volatile Organic Compounds  VOCs  

 Herbicides and pesticides 

 Bad taste and odor 

Once clean water is collected from the membrane it is then polished i.e. passed through a post 

carbon filter so that it is safe for drinking purpose. The cleaned water is then stored in a storage 

tank and usually the system is designed in a way that when the storage tank is full the RO 

system shut downs automatically. The storage tank provide a buffer for the consumption and 

production of clean water. The brine water is drained as a water waste. Normally four gallon 

of water exits as a brine for every one gallon of fresh water being produced from the system 

[17]. The brine water can be used for dishwashing and other cleaning purpose so that it is not 

wasted and utilized for increasing efficiency of the system. Also, if another pump is installed, 

this brine water can be sent back to the feed water loop for extracting more fresh water out of 
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it but depends upon system design and efficiency requirements of user. The Figure 7 shows 

the flow diagram of reverse osmosis process with all major steps involved. 

 

Figure 7: Reverse Osmosis Plant Flow Diagram [17] 

 

1.1.6 Karachi Water Supply 
 

The current population of Karachi is approximately 14.9 million [18]. The city is the backbone 

of country economy as most of the industries and important financial centers are located in the 

city as it contributes approximately 12 – 15 percent to the national gross domestic product [19]. 

The supply of water to Karachi relies on surface water sources and ground water sources. The 

ground water major source are the Dumlottee well-fields but the supply from these wells are 

very limited and provide only 1.4 million gallon per day (MGD) water only after rainy season 

[20]. The major three surface water sources of Karachi includes: 

 Haleji Lake (Shown in Figure 8) 



24  

 

Figure 8: Haleji Lake [21] 

 Keenjhar Lake (Shown in Figure 9) 

 

Figure 9: Keenjhar Lake [21] 

 Hub Dam (Shown in Figure 10) 
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Figure 10: Hub Dam [21] 

The board responsible for providing water to Karachi is called Karachi Water and Sewerage 

Board (KWSB) that provide approximately 665 MGD water to Karachi [21]. The water 

demand of Karachi is 820 to 1200 MGD and hence there is always a shortfall of 155 to 535 

MGD of water [22]. This is not just the only issue which is faced by Karachi, approximately 

210 MGD of water supplied to Karachi is not even filtered rather it’s just raw lake or ground 

water [21]. The city has a very poor and old supply system and no major investments have 

been done to make it more efficient. The system is at least 40 to 45 years old [22]. Due to the 

old and inefficient system, around 35 percent of the supplied water is lost in the transmission 

lines hence the total amount of water reaching Karachi results to 433 MGD of water [23]. 

Unfortunately the consumption of water in Karachi is also not recorded as almost none of the 

retails customers have a metered supply connection. For industries and commercial customers 

only 25 percent have metered supply of water [19].  

To cater the needs of the city and its people, regulated and unregulated water hydrants are 

spread across the city. There is a tanker system in the whole city. Water tankers fill their tanks 

from these hydrants and supply water to the consumer at higher prices. These unregulated 

water hydrants were a big issues as they tap water supply from main lines resulting in lesser 



26  

water being available to consumer from the government. In 2009 around 948 unregulated water 

hydrants were closed in the city but still many are operational till today [19] [22]. 

1.1.7 Drinking Water Quality Standards 
 

Every living organism need water for its survival and living life. All human beings need water 

for their living. There should be no harmful contaminants in the water that should effect the 

life of a human being. Drinking water quality standards describe the quality parameters set for 

the drinking water. Unfortunately, there has been no such universally recognized and accepted 

international standard for drinking water [24]. The world health organization (WHO) provides 

detailed guidelines on the drinking water quality standards but it is up to every region/country 

to define their own set of drinking water quality standards. Following are the drinking water 

quality standards used by the countries themselves: 

 Europe: European Drinking Water Directive [25] 

 United States: Safe Drinking Water Act [26] 

 China: GB3838-2002 (Type II) [27] 

The Table 3 below shows date for different types of parameters in comparison to what is 

suggested by world health organization and what levels are defined in Europe, United 

States, China and Canada 

 

 

 
 

 

 

Table 3: Comparison of Water quality standards across the globe [28] 

Parameter Table WHO European 

Union 

United 

States 

China Can

ada 
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Arsenic As 10μg/l 10 μg/l 10μg/l 50μg/l 10.0 

μg/l 

Cadmium Cd 3 μg/l 5 μg/l 5 μg/l 5 μg/l 5.00 

μg/l 

Chromium Cr 50μg/l 50 μg/l 0.1 

mg/L 

50 μg/l 

(Cr6) 

0.05

0 

mg/L 

Copper Cu 50μg/l 2.0 mg/l 1.3 

mg/l* 

1 mg/l 1.00 

mg/L 

Iron Fe N/A 0,2 mg/l N/A N/A 0.30

0 mg

/L 

Lead Pb N/A 10 μg/l 15 

μg/l* 

10 μg/l 10.0 

μg/l 

Mercury Hg 6 μg/l 1 μg/l 2 μg/l 0.05 

μg/l 

1.00 

μg/l 

Nitrate Nt 50 mg/l 50 mg/l 10 mg/

L (as N) 

10 mg/

L (as N) 

10m

g/L 

pH      6.5 

to 

8.5 

 

Legend: 

“Indicates that no standard has been identified by editors of this article  

Ns or N/A indicates that no standard exists  

μg/l indicates Micro grams per liter  

mg/L indicates 1 ppm or 1000 μg/l 

https://en.wikipedia.org/wiki/Mg/l
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* Action level; not a concentration standard. A public water system exceeding the action 

level must implement "treatment techniques" which are enforceable procedures. 

1.1.8 Pakistan Drinking Water Quality 
 

The major quality parameters includes physical, biological and chemical factors in drinking 

water quality as these factors if disturbed can cause affects to human health. The biggest 

problem in drinking water in Pakistan is the amount of contaminations which includes 

microbiological and chemical contaminants. The Table 4 below compares biological standard 

values of Pakistan with the guidelines of WHO. 

Table 4: Comparison of Pakistan standard with WHO for Biological Parameters [29] 

Parameter Standard Value for 

Pakistan 

WHO Standards 

All water intended for 

drinking measuring E 

coli or thermo tolerant 

coliform bacterial 

Must not be 

detectable in any 100 

ml Sample 

Must not be 

detectable in any 100 

ml Sample 

Treated water entering 

the distribution system 

(E. coli or thermo 

tolerant coliform and 

total coliform bacteria) 

Must not be 

detectable in any 100 

ml Sample 

Must not be 

detectable in any 100 

ml Sample 

Treated water in the 

distribution system (E. 

coli or thermo tolerant 

coliform and total 

coliform bacteria) 

Must not be 

detectable in any 100 

mL sample In case of 

large supplies, where 

sufficient samples are 

examined, it must not 

be present in 95% of 

the samples taken 

throughout any 12-

month period 

Must not be 

detectable in any 100 

mL sample In case of 

large supplies, where 

sufficient samples 

are examined, it must 

not be present in 

95% of the samples 

taken throughout any 

12-month period 

 

The Table 5 below compares physical standard values of Pakistan with the guidelines of WHO. 
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Table 5: Comparison of Pakistan standard with WHO for Physical Parameters [29] 

Parameter Standard Value for 

Pakistan 

WHO Standards 

Color ≤15 TCU ≤15 TCU 

Taste None None 

Odor None None 

Turbidity <5 NTU <5 NTU 

Total hardness as 

CaCO3 

<500 mg/L - 

TDS <1000 <1000 

pH 6.5-8.5 6.5-8.5 

 

The Table 6 below compares chemical standard values of Pakistan with the guidelines of 

WHO. 

Table 6: Comparison of Pakistan standard with WHO for Chemical Parameters [29] 

Parameter Standard Value for 

Pakistan 

WHO Standards 

Aluminum (Al) mg/L ≤0.2 0.2 

Antimony (Sb) ≤0.005 (P) 0.02 

Arsenic (As) ≤0.05 (P) 0.01 

Barium (Ba) 0.7 0.7 

Boron (B) 0.3 0.3 

Cadmium (Cd) 0.01 0.003 

Chloride (Cl) <250 250 

Chromium (Cr) ≤0.05 0.05 
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Copper (Cu) 2 2 

Cyanide (CN) ≤0.05 0.07 

Lead (Pb) ≤0.05 0.01 

Manganese (Mn) ≤0.5 0.5 

Mercury (Hg) ≤0.001 0.001 

 

Drinking water quality of Islamabad was analyzed and it showed that 66.66% of the water 

sample was contaminated with fecal microbes and not fit for drinking purposes [30]. Islamabad 

water quality revealed that about [31] 77% of the water samples were biologically 

contaminated. The physicochemical analysis of Faisalabad city deduced that the turbidity, 

hardness, pH, and TDS are within safe limits but the microbial analysis showed that all samples 

were contaminated with total coliforms and E. coli [32]. In Punjab drinking water quality 

revealed that the Total dissolved solids (TDS) are in allowable range in Sargodha, 

Sheikhupura, Kasur, Faisalabad, and Rawalpindi [33]. In Peshawar analysis of drinking water 

quality revealed that just 13% of the samples were negative for bacterial contamination 

whereas 47% of the samples were found to be highly contaminated with E. coli and remainder 

were fine [34]. In Peshawar and Mardan more than 38% and 67% of samples were 

contaminated with iron, respectively [33]. Baluchistan water analysis also did not provide any 

satisfactory results as half of the samples obtained from Ziarat were highly contaminated [33]. 

Sindh ground water was tested for drinking and irrigation purposes and it was revealed that all 

samples were above the WHO guidelines and water was not fit for use in both purpose [35]. 

Furthermore, ground water in various districts in Sindh provided good result for pH but 

turbidity and most chemical parameters were way above limits set by WHO [36]. Major cities 

of Sindh including Sukkur, Hyderabad, and Karachi were analyzed and found that the drinking 

water quality is very poor in Sindh as compared to other provinces. About 67-93% of the 
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samples in these cities were declared unfit for drinking purpose [33].  

1.1.9 Karachi Water Quality 
 

According to the analysis of Karachi it was revealed that around 88% samples had very high 

levels of lead in most of the surface or ground water of Karachi than the benchmark of WHO 

[21]. The water supply system is very old and contaminated hence the supplied water gets 

contaminated also resulting in around 30,000, mostly children that die per year due to its 

consumption [37]. One of the water supply to Karachi is from Keenjhar Lake, located in Thatta, 

Sindh where it was found that its pH of water in lake is within limits but the color is dark brown 

which is not fit for drinking purposes. Study and water analysis of Orangi town in Karachi 

revealed the presence of microbial contamination in water [38]. The water quality in Gulshan 

e Iqbal Town of Karachi was also assessed and found that all major parameters were within 

range except in three samples where contamination occurred due to water leakages [39]. 

1.2. Literature Review 
 

In this section several papers were reviewed related to the photovoltaic based reverse osmosis 

system and their conclusions are discussed. A simulation based RO design system was used to 

find the performance of solar powered RO system. Three cities of Pakistan were assessed 

which includes Lahore, Hasil Pur and Faisalabad [40]. According to WHO quality 

requirements the TDS concentrations for these three cities was reduced from 1495 to 295.44, 

2190 to 237.69 and 7683 to 241.98 respectively [40]. The drinking water production was kept 

fixed at 0.80 m3 /h for all three cities. Total pumping power requirement is 200, 300, and 

1000W for Lahore, Hasil Pur, and Faisalabad, respectively [40]. The required energy turns out 

to be 60, 95, and 311 kWh/month for Lahore, Hasil Pur, and Faisalabad respectively. The paper 

used PVsyst software for solar calculation and deduced that 19, 15 and 40 PV panels will be 

used by Lahore, Hasil Pur, and Faisalabad respectively [40]. Another study was conducted for 
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photovoltaic based reverse osmosis system in which 500 L/hr system was designed using 2KW 

PV system with a 5KVA hybrid inverter. The Analysis includes no tracking and three point 

manual PV tracking modes. Also, analysis and comparison on cooling and no-cooling of PV 

system was also carried out. It was concluded that around 18% more daily PV energy was 

utilized using the tracking system and also 10% more PV energy was used when the panels 

were cooled [41]. AbdelKareem [42] analysis was based on capturing desalination water using 

solar, wind and geothermal energy. His conclusion defined that good designing is very 

important when off grid PV systems are designed. He further concluded that solar tracking and 

cooling of PV cells eventually makes the process overall efficient. Ali et al. [43] did a different 

analysis of combining reverse osmosis and adsorption desalination system. He further used 

MATLAB for simulations of different scenarios. His work concludes that if both are run 

together the permeate salinity is slightly decreased which will make the process more efficient. 

Charcosset [44] also carried out his analysis on the same topic. His research work revolve 

around merging renewable energy with different designs and mathematical models for 

achieving best economical solution. It was concluded in his work that PV based RO plants are 

most efficient in terms of energy consumption when utilized for a small scale. Ahmad and 

Schmid [45] studies water desalination in Egypt desert using PV system for energy. Gocht et 

al. [46] carried out his study for reverse osmosis using photovoltaic as energy source in Jordan. 

Richards and Schafer [47] worked on PV based desalination plant for remote communities in 

Australia. Tzen et al. [48], kalogirou [49] also carried out analysis for same systems. Goosen 

et al. [50] work was slightly different from others as he studies and compare the challenges in 

renewable based desalination system. Liu et al. [51] suggested ways on how to improve the 

energetic efficiency of complete desalination system. He worked on the nano filtration system 

and did analysis the losses in the system. His work concluded that most portion of energy loss 

in sin the membrane section of the system. Dimitriou et al. [52] worked on modelling of reverse 
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osmosis membrane where he concluded that water flux drop when pressurized water is passed 

through it. Ghermandi and Messalem [53] concluded in their work that photovoltaic based 

reverse osmosis is a good technology which has a potential to reach to 2-3 US$ per m3. Eke 

and Senturk [54] concluded that solar trackers can increase around 30% of energy in Turkey if 

implemented and similar was the conclusion of Babelli [55]. Lastly Bentaher et al. [56] 

suggested to utilize the maximum potential of solar tracking system during the day time. 

1.3 Motivation and Research Objectives 
 

Clean Drinking water is the need of every human being worldwide. Accessibility to clean 

drinking water not only promotes a healthier lifestyle but also provide mental relief for the 

community. It decreases the load on hospitals as fewer diseases are spread because of 

contaminations in drinking water. On the other hand we cannot just simply install desalination 

systems which are energy intensive units. Pakistan has been struggling for the past decade to 

fulfill its electricity requirements. As the country is rich in solar energy, this strengthens the 

case for solar powered reverse osmosis drinking water systems to be implemented in the 

country. This approach of renewable energy based reverse osmosis desalination system will 

target and provide solution to drinking water issue of Pakistan by keeping in line the following 

sustainable development goals of the United Nations: 

 Goal 3: Good Health and Well-being 

 Goal 6: Clean Water and Sanitation 

 Goal 7: Affordable and Clean Energy 

 Goal 13: Climate Action 

The research objectives for this thesis were to  

 Design a solar powered reverse osmosis system for a community in Pakistan for 

drinking water using HOMER, which can be taken as a case study for future scenarios.  

 Perform dynamic analysis for the designed system 20Sim simulation software and 
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applying bond graph modelling to validate the designed system.  

 Design a comprehensive instrumentation and control system strategy for the solar 

powered reverse osmosis desalination system 

 Design a supervisory control and data acquisition (SCADA) System with secured 

database, data analytics provision and embedded alert system to the community.  

1.4 Structure of Thesis 
 

The first chapter of thesis talks about the introduction of the problem in Pakistan and conducts 

the extensive literature review which includes understanding of reverse osmosis process, 

understanding of Pakistan solar potential, understanding of Pakistan water quality and WHO 

recommendations etc. 

In the second chapter, the design and analysis of a solar based reverse osmosis system in 

HOMER is discussed, including designing and site selection of solar based reverse osmosis 

system to evaluate ratings of different components. It also includes a detailed cost analysis of 

the overall proposed system solution. 

The third chapter is about dynamic modeling of the proposed solar based reverse osmosis 

system in 20Sim Simulation Software. Detailed dynamic modeling and analysis of the solar 

based reverse osmosis system is performed using the bond graph language to analyze the 

system response to dynamically changing conditions. 

The fourth chapter discusses a comprehensive instrumentation system design and control 

strategy for the execution of the solar powered reverse osmosis desalination system. 

In the fifth chapter, a low-cost, open-source, internet-of-things based SCADA system is 

designed for the complete system with the provision of data security as local server is created. 

Furthermore data analytics tools are used for data visualization with an elaborative alert system 

for the community. 

The sixth chapter discusses concluding remarks, research contributions and improvements that 
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can be incorporated in the already designed solar based reverse osmosis system to make the 

overall system better. 
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Abstract 

 
With the advancement of technology and increase in world’s population, the demand for the 

consumption of fresh drinking water has increased worldwide. The world is also facing climate 

change due to excessive emissions in the atmosphere from the conventional power generating 

stations. Utilization of clean energy sources for purification of water is the need of today’s 

world. This paper focuses on explaining the water shortage situation in Pakistan and elaborates 

a design for a solar powered drinking water reverse osmosis system for a community in 

Pakistan using the HOMER Pro software. It further utilizes the optimization feature of 

HOMER Pro software to carry out economic analysis of the system to provide the most 

economical system design.   
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2.1. Introduction 

 
Pakistan economy mostly relies on agriculture and around 22.2% of that contributes to its 

overall gross domestic product (GDP) [1]. Approximately around 42.3% of the labor in 

Pakistan is employed from the total labor strength [2]. In 1950s Pakistan has the water capacity 

of around 5000 m3 per capita and it has decreased now to 1000 m3 per capita [2]. The most 

affected provinces of Pakistan are Sindh and Baluchistan when it comes to freshwater 

availability. According to the United Nations Educational, Scientific and Cultural Organization 

report, Pakistan available water supply is just above 1000 m3 per capita which puts the country 

in the list of water stress countries [3]. According to estimates, the population of Pakistan will 

going to be nearly double in the next 25 years and this will further decrease the per capita 

availability of water. Overall worldwide, the countries that are facing difficulty in availability 

of freshwater are now relying on water desalination processes using ground water as this 

method allows to generate fresh water supply but at the cost of electricity consumption. 

According to an estimate it take 10,000 ton/yr. of crude oil to produce 1000 m3/day of 

desalinated water from the process of thermal desalination [4]. This energy requirement is a 

big challenge as the world is already heading towards a big global climate change. Extracting 

this much amount of energy from the conventional thermal power plants would not only make 

the environment poor but would put the cost of production of water at a very higher rate. The 

renewable energy is the solution to that problem and solar powered reverse osmosis plants can 

be very beneficial when it comes to elimination of utilization of fossil fuels. Hence renewable 

technology based reverse osmosis (RO) systems can be a good source of sustainable fresh 

water production method [5]. Pakistan is not a country that is rich in energy production 

although it has huge reserves of fossil fuels. Thankfully, it lies on the region of good solar 

irradiance ranging from 5–7 kWh per m2 per day and sunshine hours of 1,500–3,000 [6] which 

can be used as an advantage for solar powered RO systems. The desalination process now is 
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used worldwide and its utilization trend has shown an increase in the recent years [7]. The 

Solar powered reverse osmosis is a unique idea for converting the saline or brackish water to 

fresh water as the water passes through membranes and remove approximately 98% - 99.5% 

salt from it [8]. With all of these factors being said and issues that Pakistan as a country has, 

powering a reverse osmosis system for extracting drinking water for a community in Pakistan 

using renewable energy sources makes a very favorable solution. 

2.2 Literature Review 

 
In this section several papers were reviewed related to the photovoltaic (PV) based reverse 

osmosis system and their conclusions are discussed. A simulation based RO design system was 

used to find the performance of solar powered RO system in three cities of Pakistan which 

includes Lahore, Hasil Pur and Faisalabad [9]. The paper used PVsyst software for solar 

calculation and deduced that 19, 15 and 40 PV panels will be used by Lahore, Hasil Pur, and 

Faisalabad respectively [9]. Another study was conducted for photovoltaic based reverse 

osmosis system in which 500 L/hr. system was designed using 2 KW PV system with a 5 KVA 

hybrid inverter. It was concluded that around 18% more daily PV energy was utilized using 

the tracking system and also 10% more PV energy was used when the panels were cooled [10]. 

Abdel Kareem [11] analysis was based on capturing desalination water using solar, wind and 

geothermal energy. He concluded that solar tracking and cooling of PV cells eventually makes 

the process overall efficient. Liu et al. [12] suggested ways on how to improve the energetic 

efficiency of complete desalination system. He worked on the nano filtration system and did 

analysis the losses in the system. His work concluded that most portion of energy loss is in the 

membrane section of the system. Dimitriou et al. [13] worked on modelling of reverse osmosis 

membrane where he concluded that water flux drop when pressurized water is passed through 

it. Ghermandi and Messalem [14] concluded in their work that photovoltaic based reverse 

osmosis is a good technology which has a potential to reach to 2-3 US$ per m3. Eke and 
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Senturk [15] concluded that solar trackers can increase around 30% of energy in Turkey if 

implemented and similar was the conclusion of Babelli [16]. Lastly Bentaher et al. [17] 

suggested to utilize the maximum potential of solar tracking system during the day time for 

increasing system efficiency. 

2.3 Reverse Osmosis Desalination System 

 
Reverse osmosis convert unfiltered feed water to clean water when feed water is pressurized 

and passed through a membrane. The water flows through the membrane and more 

contaminants are accumulated to the more concentrated side of the membrane whereas clean 

drinking water is accumulated to less concentrated side of the membrane. A membrane is an 

equipment that has small pores that allow water molecules to pass through but stop 

contaminants. At the first step, sediments and chlorine is removed from feed water using a pre 

filter which has a sediment and carbon filter. This process will ensure that membrane is not 

damaged and it will increase its lifetime. Then the water is pressurized and sent to the 

membrane for the removal of dissolved contaminants. This is the most important step during 

the whole RO process as in this step dissolved particles of the smallest size are separated by 

the help of membrane. It removes dissolved solids like arsenic and fluoride through the RO 

membrane. Once clean water is collected from the membrane it is then polished i.e. passed 

through a post carbon filter so that it is safe for drinking purpose. The cleaned water is then 

stored in a storage tank and usually the system is designed in a way that when the storage tank 

is full the RO system shut downs automatically. The storage tank provide a buffer for the 

consumption and production of clean water. The brine water is drained as a water waste. 

Normally four gallon of water exits as a brine for every one gallon of fresh water being 

produced from the system [18]. The brine water can be used for dishwashing and other cleaning 

purpose so that it is not wasted and utilized for increasing efficiency of the system.  

2.4  Pakistan Data Analysis 
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The location of Pakistan on map lies within latitude 23.45º to 36.75ºN and longitude 61º to 

75.5ºE. The Renewable Energy Policy 2006 [19] of Alternative Energy Development Board 

(AEDB) Ministry of Energy and Power division Pakistan, explains that Pakistan is highly rich 

in terms of solar energy. The provinces of Baluchistan and Sindh receive the most solar 

irradiance in overall Pakistan which means that majority of southern Pakistan has the highest 

solar irradiance.. The annual average solar radiation of Pakistan is about 5.5 kWh/m2. The 

Areas of Sindh and Baluchistan are even richer in terms of solar radiation excluding the coastal 

areas of these provinces. 

2.5 Materials and Method 

 
In order to achieve the best possible design, all aspects of the system are to be analyzed. The 

following framework has been considered in this paper for an accurate evaluation of the 

system: 

 Karachi water supply system 

 Characteristics of the selected site. 

 Water system configuration. 

 Load demand data. 

 Solar radiation data 

 System components. 

2.5.1 Karachi Water Supply System 
 

The current population of Karachi is approximately 14.9 million [20]. The city is the backbone 

of country economy as it contributes approximately 12 – 15 percent to the national gross 

domestic product [21]. The supply of water to Karachi relies on surface water sources and 

ground water sources. The major three surface water sources of Karachi are Haleji Lake, 

Keenjhar Lake and Hub Dam. The board responsible for providing water to Karachi is called 
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Karachi Water and Sewerage Board (KWSB) that provide approximately 665 million gallons 

per day (MGD) water to Karachi [22]. The water demand of Karachi is 820 to 1200 MGD and 

hence there is always a shortfall of 155 to 535 MGD of water [23]. Also, approximately 210 

MGD of water supplied to Karachi is not even filtered rather it’s just raw lake or ground water 

[22]. Due to the old and inefficient system [23], around 35 percent of the supplied water is lost 

in the transmission lines hence the total amount of water reaching Karachi results to 433 MGD 

of water [24]. To cater the needs of the city and its people, regulated and unregulated water 

hydrants are spread across the city. There is a tanker system in the whole city. Water tankers 

fill their tanks from these hydrants and supply water to the consumer at higher prices. These 

unregulated water hydrants were a big issues as they tap water supply from main lines resulting 

in lesser water being available to consumer from the government supply lines. In 2009 around 

948 unregulated water hydrants were closed in the city but still many are operational till today 

[21] [23]. 

2.5.2 Characteristic of the Selected Site 
 

Karachi is situated in the south of Pakistan and faces severe population migration, water crisis 

and pollution issues in the last few years. Qasim Town as the selected location for this study 

is a slum area in Karachi city, Sindh Province, Pakistan (24°49'37.2"N 67°15'08.1"E). This is 

a Slum community with families having very low income to support their living. This area is 

currently relying on water tanker system and unscheduled limited supply of contaminated 

water from the government water supply lines. The cost of water tanker is very high and it 

became highly unfeasible for such low income community to purchase expensive water for 

drinking purpose. The figure 11 shows the google earth image of the selected site. 
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Figure 11: Google Image of Selected Site 

This selected community has around 223 houses with a total population of approximately 780 

persons. The availability of ground water was explored by the nearby company Beltexco 

Private Limited as seen in figure 6 for their utilization of water. According to that company 

report, ground water was found at 300 feet below the surface. The total dissolved solids (TDS) 

was found to be 1612 mg/L and hardness was found as 518.49 mg/L.  

2.5.3 Water System Configuration 
 

A submersible pump is installed to extract the brackish ground water from a depth of 300 

feet’s. On average, drinking water consumption by a person in one day is 3.7 liters. In order to 

feed the complete community of 780 persons around 2964 liter of water is required per day.  A 

brackish water tank is used that has a capacity of 4000 liters so that sufficient quantity of 

brackish water is stored once pumped from the ground. A pressure pump is utilized to increase 

the tank’s brackish water pressure and then passed through the reverse osmosis (RO) system 

before it leaves to the drinking water storage tank and finally is available for community 

utilization from the common header. The figure 12 shows the complete water system 

configuration adopted. 
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Figure 12: Water System Configuration 

 

2.5.4 Electrical Load Requirement 
 

The major components of load in the system are submersible pump motor, complete RO system 

load and miscellaneous load. The complete system will run for 06 hours in a day to produce 

sufficient drinking water for the complete community. Based on the total dynamic head of 320 

feet’s, liquid flow rate of 2.175 gallons per minute and pump efficiency of 50%, a 1.5 

horsepower single phase induction motor is selected to be coupled with the submersible pump. 

The complete RO system for producing 2.175 gallons per minute has a power requirement of 

0.5 kilowatt. Some miscellaneous energy that will be required which includes area lightning, 

control equipment etc. would require a maximum of 0.3 kilowatt. Hence the total energy 

required will be approximately 2.0 kilowatt for running the system smoothly at a production 

rate of more than 2.175 gallons per minute. The table 7 summarizes the Electrical load 

requirement for the complete system. 
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Table 7: Electrical Load Summary 

Component Load (KW) 

Submersible pump motor 1.2 

Reverse Osmosis System including feed pump 0.5 

Miscellaneous 0.3 

Total Load 2.0 

 

2.5.5 Solar Radiation Data 
 

The selected location has significant solar irradiance because of its favorable location. Based 

on the database, which is downloaded from NASA’s prediction of worldwide energy 

resources, the monthly radiation and clearness index is depicted in figure 13. The average 

annual solar irradiance in this region is 5.45 kWh/m2/day, while the maximum and minimum 

irradiance occurs in May and December, respectively. 

 

 

Figure 13: Solar Radiation and Clearness Index 

2.5.6 System Component 

2.5.6.1 PV Module 

 

The PV module used in this analysis is a fixed tracking system with an efficiency of 

around 17.49%. The nominal maximum DC output power of 340 W is produced when the 

PV module is exposed directly to the sunlight. The module is of Max Power Company. 
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2.5.6.2 Battery 

 

The lead acid battery of Trojan Company whose model number is SCS-200 is selected for 

the analysis. The battery has maximum capacity of 116 Ah under the nominal voltage of 

12 V. The DC bus voltage is set to 48 V in this study to reduce the DC bus current. The 

minimum state of charge (SOC) is 20% in the design.  

2.5.6.3 Inverter 

 

The inverter’s main responsibility is to convert the PV module’s DC output power to AC 

to feed the load. A 6 kilowatt inverter of Max Power Company is selected. The model 

number is Suntronic 6KW with a battery nominal voltage of 48 VDC. The solar inverter 

has 96% efficiency and a 10 years lifetime is selected for analysis. 

2.6  System Design in HOMER Pro 

 
Hybrid optimization of multiple energy resources (HOMER) software from the National 

Renewable Energy Laboratory (NREL) is an enhanced software for simulation of micro grids. 

This software allows to use various components including conventional generator, extensive 

renewable and storage resources. The optimization feature of this software enables a designer 

to evaluate a stand-alone hybrid PV system with cost effective solutions, incorporating the 

highest percentage of renewable energy for grid stability and considering environmental 

concerns i.e. to reduce carbon dioxide emissions. 

In this paper, proposed electrical system is designed to power a submersible pump and RO 

desalination system simultaneously. The HOMER Pro software is used for the techno-

economic analysis to optimize the system and introduce the most feasible solution. The system 

design includes a PV array, lead acid battery and inverter feeding the load. The system has a 

daily energy requirement of 12 kilowatt hour with peak load of 3.63 kilowatt. The PV has 4.8 

kilowatt of maximum power and uses a 6.0 kilowatt of inverter. Result of Homer Pro with 
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optimization suggest 20 12-volt batteries with 4 batteries in each string to keep the DC bus 

voltage at 48 volts. The system configuration in HOMER software is shown in figure 14. 

 

Figure 14: System Configuration on HOMER Pro 

 

2.7 Results 

2.7.1 Electrical Design Results 

 
The results were analyzed and electrical parameters were derived. The figure 15 shows 

monthly analysis of maximum PV power generation. It can be seen that at least 0.5 Mega Watt 

hr. of energy is generated with lowest in the month of July and maximum in the month of 

March. 

 

 

Figure 15: Monthly Electric Power Generation 
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The figure 16 shows monthly analysis of state of charge for battery. It can be seen that the 

highest deviation in state of charge (SOC) is in the month of August whereas the minimum 

deviation is in April. 

 

Figure 16: Monthly SOC battery 

The figure 17 shows comparison of total electrical load served, PV Panel Power output and 

battery input power for three consecutive days in the month of May 

. 

 

Figure 17: Comparison of total electrical load served, PV Panel Power output and battery 

input power 

 

The table 8 below summarizes all important electrical parameters of PV, battery and inverter. 
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Table 8: Summary of Electrical Parameters 

Parameter Value 

PV Maximum Power 4.80 KW 

Number of Batteries Required 20; 5 set of 4 strings 

Inverter 4.30 KW 

Renewable Energy Fraction 100% 

PV Maximum Production 8418 KWH/Year 

Battery Autonomy 44.6 hours 

Battery Annual throughput 480 KWH/Year 

Battery Nominal Capacity 27.9 KWH 

Battery Usable Nominal Capacity 22.3 KWH 

Inverter Mean Output  0.500 KW 

 

2.7.2 Economic Analysis Results 

 
The results were analyzed and cost analysis was carried out. The figure 18 shows show cost 

summary of the system. The highest cost is of lead acid batteries. 

 

 

Figure 18: Cost Summary 
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The figure 19 shows cash flow analysis for a period of 25 years according to the type of cost 

including replacement, salvage, operating and capital. 

 

Figure 19: Cash Flow 

The table 9 below summarizes all important economic parameters which indicates that the 

initial capital of PKR 881,550 is required for this system. 

 

Table 9: Summary of Economic Parameter 

Parameter Value (PKR) 

Net Present Cost 2.38 Million 

Cost of Energy 42.04 

Operating Cost 115,812/year 

Initial Capital 881,550 

PV Panel Capital Cost 278,401 

 

 

2.8 Conclusion 
 

Based on the results drawn using the optimization feature of the HOMER Pro Software, a most 

economical design of a solar powered based drinking water reverse osmosis system is designed 

which will provide sufficient amount of drinking water to the complete community. The 
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system is totally based on solar power which means that there is no carbon dioxide emission 

in the environment. The results depicts that with 4.8 KW of maximum power from the solar 

panels and battery arrangement of 5 sets of 4 strings will be sufficient for smooth operation of 

the system. There is an initial investment cost as summarized in table 6 but considering the 

advantages of system and the need of the residents of the community it turns out to be the most 

feasible solution for providing drinking water to the whole community. 
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Abstract 

 
With the advancement of technology and increase in world’s population, the demand for the 

consumption of fresh drinking water has increased worldwide. Utilization of clean energy 

sources for purification of water is the need of today’s world. This paper focuses on modelling 

the solar powered reverse osmosis system using the bond graph modelling technique which is 

very effective for multidisciplinary systems. The model contains electrical, mechanical and 

hydraulic domains merged together using the bond graph language. It further utilizes the 20-

Sim software to implement the dynamic model and simulate the system. The paper eventually 

provides a detailed analysis on how the system will respond to the changing system parameters. 
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3.1. Introduction 

 
Pakistan economy mostly relies on agriculture and around 22.2% of that contributes to its 

overall gross domestic product (GDP) [1]. Approximately 42.3% of the labor in Pakistan is 

employed from the total labor strength [2]. In 1950s Pakistan has the water capacity of around 

5000 𝑚3 per capita and it has decreased now to 1000 𝑚3 per capita [2]. According to the 

United Nations Educational, Scientific and Cultural Organization report, Pakistan available 

water supply is just above 1000 𝑚3 per capita which puts the country in the list of water stress 

countries [3]. Overall worldwide, the countries that are facing difficulty in availability of 

freshwater are now relying on water desalination processes using ground water as this method 

allows to generate fresh water supply but at the cost of electricity consumption. According to 

an estimate it take 10,000 ton/yr. of crude oil to produce 1000 𝑚3/day of desalinated water 

from the process of thermal desalination [4]. This energy requirement is a big challenge as the 

world is already heading towards a big global climate change. The renewable energy is the 

solution to that problem and solar powered reverse osmosis plants can be very beneficial when 

it comes to elimination of utilization of fossil fuels. Hence renewable technology based reverse 

osmosis (RO) systems can be a good source of sustainable fresh water [5]. Thankfully, Pakistan 

lies on the region of good solar irradiance ranging from 5–7 kWh per 𝑚2 per day and sunshine 

hours of 1,500–3,000 [6] which can be used as an advantage for solar powered RO systems. 

The desalination process now is used worldwide and its utilization trend has shown an increase 

in the recent years [7]. The Solar powered reverse osmosis is a unique idea for converting the 

saline or brackish water to fresh water as the water passes through membranes and remove 

approximately 98% - 99.5% salt from it [8]. With all of these factors being said and issues that 

Pakistan as a country has, powering a reverse osmosis system for extracting drinking water for 

a community in Pakistan using renewable energy sources makes a very favorable solution. 

Modelling of such multi-disciplinary systems which involves electrical, mechanical and 
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hydraulic domains require complex modelling techniques. This paper utilizes the bond graph 

modelling approach which facilitates different domains using the explicitly graphical power 

flow paths among interconnected system elements, and leverage analogies among different 

energy domains such as thermal, fluid, mechanical, and electrical. This modelling technique is 

then utilized to understand the behavior of desired outputs in relationship to the changing 

parameters of the system. 

3.2. Literature Review 
 

In this section several papers were reviewed related to the photovoltaic (PV) based reverse 

osmosis system and their conclusions are discussed. S. Sobana and Rames C. Panda [9] have 

reviewed more than 65 literatures for identifying different process parameters, dynamic 

modelling and control of desalination system. Their work mainly gives an account of two types 

of phenomenological models of desalination processes, namely, mechanistic model or 

membrane transport model and lumped parameter model. Many researchers have presented 

identified transfer functions from input – output data of reverse osmosis process. Alatiqi et al. 

(1989) [10] used system identification techniques to estimate a MIMO structure of RO plant 

at Doha. Assef et al. (1995), Riverol and Pilipovic (2005), and Robertson et al. (1996) [11] 

[12] [13] also developed multivariable transfer function models from the plant’s input – output 

data. Zilouchian (2001) [14] worked and find the reverse osmosis desalination system transfer 

function and also in steady state matrix form using recursive least square method. Ramaswamy 

et al. (1995) [15] implemented connected multilayer feed forward neural network using the 

back propagation algorithm to identify the nonlinear multivariable multistage flash 

desalination plant. Fkirin et al. (1997) [16] presented an algorithms which focus on optimal 

identification for the timevarying dynamic process based on linear combination of the 

recursive least square method. Saengrung et al. (2002) [17] modeled two reverse osmosis 

plants using system identification. Gambier et al. (2007) [18] derived a lumped parameter 
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dynamic MIMO model from first principle laws and used it in carrying out diagnostics of 

system and even in finding faults in system. Ahmad et al. (2007) [19] developed and simulated 

a membrane transport model suitable for the multiple solutes system in reverse osmosis for 

unsteady-state condition. Chaaben et al. (2008) [20] developed a MIMO model relating input 

and output variable for a small photovoltaic reverse osmosis desalination unit. All these 

research approach provides a great insight on how to model the reverse osmosis system.  

3.3. Bond Graph Language 
 

Due to the increasing number of sophisticated and interdisciplinary systems, multidisciplinary 

techniques are becoming increasingly crucial in the modelling process. Bond graph approach 

establishes a common vocabulary for understanding relationships and similarities among 

various modelling methodologies. It provides a uniform domain-independent graphical 

representation of multidisciplinary models [21]. Bond graph provides a clear graphical 

representation from which other representations can be derived, e.g. linearized state equations, 

system transfer functions, or differential equations. The bond graph is a modelling technique 

that is based on energy transfer between system components. Bonds connect the component 

ports, demonstrating how power is transferred between them. A half-arrow on one end of the 

bond indicates the direction of power transfer. In a bond graph, there are two variables: effort 

(e) and flow (f). The system, which is composed of many energy domains such as mechanical, 

electrical, and hydraulic, is turned into a single model in order to simplify the system's analysis. 

The figure 20 shows analogies of different bond graph variables utilized in different domains 

[22]. 
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Figure 20: Analogies of different bond graph variables utilized in different domains [22] 

 

 

3.4. System Description 
 

The overall system will comprise of an electrical, mechanical and hydraulic system. The figure 

21 below shows the complete block diagram of the system. 

 

Figure 21: Block Diagram of Complete System 

3.4.1 Electrical System 
 

The electrical system will use the energy of the sun and by using the photovoltaic cell convert 

that energy to electrical direct current form. This energy will be fed to the batteries through 

charge controllers so that it can be used to provide power to the reverse osmosis system. The 

major load of reverse osmosis system is the dc motors that is coupled with the centrifugal 
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pressure pump to run the hydraulic system. The block diagram for a solar powered dc motor is 

shown in figure 22 [23]. 

 

 

Figure 22: Block Diagram of Solar Powered DC motor [23] 

3.4.2 Reverse Osmosis Desalination System 
 

Reverse osmosis system converts unfiltered feed water to clean water when feed water is 

pressurized and passed through a membrane. The water flows through the membrane and more 

contaminants are accumulated to the more concentrated side of the membrane whereas clean 

drinking water is accumulated to less concentrated side of the membrane. The cleaned water 

is then stored in a storage tank and usually the system is designed in a way that when the 

storage tank is full the RO system shut downs automatically. The brine water is drained as a 

water waste [24]. The brine water can be used for dishwashing and other cleaning purpose so 

that system efficiency is increased. The basic components of a RO process are: pre-treatment 

system used for cleaning brackish water, High-Pressure Centrifugal (HP) pump used to provide 

required pressure to membrane, and post-treatment system for smell and odor removal [25].  

The overall block diagram of reverse osmosis system is shown in figure 23. 
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Figure 23: Block Diagram of Reverse Osmosis System 

 

3.5 System Modelling 

 

3.5.1 Generalized bond graph model of system 

 
The generalized interrelation of multidisciplinary system can be seen in figure 24. The distinct 

systems are connected with the power variable defined as effort and flow. Electrical domain 

output of motor torque and motor speed is used as the input to the mechanical domain. The 

mechanical domain outputs the Pump Pressure and pump flow rate that is used as the input to 

the hydraulic domain and eventually producing clean and reject water. 
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Figure 24: Generalized Bond Graph Model of System 

3.5.2 Detailed system based bond graph modelling 

3.5.2.1 Electrical system bond graph modelling 

 

In order to reduce the complexity of the system, the solar panel and battery are modelled as a 

voltage source. The rated voltage of battery is 24V DC. The DC motor model is created in 

which motor resistance and inductance are modelled as R-element and I-element respectively. 

The conversion from electrical domain to mechanical domain is executed with the help of 

gyrator that relates effort to flow with the motor constant (𝐾𝑚). The selected parameters of the 

model are shown in table 10. The bond graph model of the system is shown in figure 25. 

Table 10: Electrical Model Parameters 

Element Description Value Unit 

Se Voltage Source 24.0 V 

R Winding 

Resistance 

5.0 Ohm 

I Winding 

Inductance 

0.03 H 

GY Motor constant 0.02848 Nm/A 
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Figure 25: Bond Graph Model of Electrical System 

 

3.5.2.2 Pressure pump bond graph modelling 
 

The pump is defined as a machine used to generate a pressure differential in order to propel 

liquid through a piping system from one location to another. An electric motor rotates an 

impeller in a centrifugal pump that adds energy to the water after it is directed into the core of 

the rotating impeller. The pump is coupled directly to the motor and the load of the pump is 

modelled using the equations (1) and (2) [26] [27]. 

 

𝑇𝑙 = (𝐾1. 𝜔 −  𝐾2. 𝑄). 𝑄…………………………………………….(1) 

𝑃 = (𝐾1. 𝜔 − 𝐾2. 𝑄). 𝜔……………………………………………..(2) 

 

Where: 

𝑇𝑙 is the load torque of the pump 

𝑃 is the pressure of the fluid 
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𝜔 is the rotational speed of the machine 

𝑄 is the flow rate of the pump 

𝐾1𝑎𝑛𝑑 𝐾2 are the pump parameters 

The modelling of a single stage pump is done in the bond graph by the help of the gyrator 

element whereas R-element represent losses due to impeller/diffuser wear and fluid disk 

friction, I-(inertia) element models the rotating fluid of the pump and another R-element 

represents the pipe loss when water is transmitted from pump discharge to the reverse osmosis 

system inlet. The selected parameters for the model are shown in table 11. The bond graph 

model of the system is shown in figure 26. 

Table 11: Pump Model Parameters 

Element Description Value Unit 

GY Centrifugal Pump 

Equations 

Modelled 

Pressure 

& Flow 

rate 

Bar & 

GPM 

R Impeller Loss 0.05 Bar 

R Pipe Loss 0.0005 Bar 

I Rotating Fluid 

Inertia 

0.125 kgm^2 
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Figure 26: Bond Graph Model of Centrifugal Pump 

 

3.5.2.3 Membrane bond graph modelling 

 

The reverse osmosis system works opposite to the phenomena of osmosis system. By applying 

the external pressure which is from the centrifugal pump clean water and dirty water are 

separated. The feed water pressure from the pump must be large enough to overcome the 

osmotic pressure and the membrane resistance, as well [28] [29]. The flow inside the 

membrane is cross in nature resulting in clean water being diffused to the other side of 

membrane and all brine (dirty) water being collected on the other side. Figure 27 shows the 

water flow inside the membrane [30]. 



73  

 

Figure 27: Water flow inside reverse osmosis membrane [30] 

Therefore, a quantity of the feed water permeates through the membrane reducing strongly the 

water salt concentration to get the fresh water (purified water), and the remaining feed water 

becomes very concentrated brine (waste/dirty) water. It can be seen that the feed water flow is 

used by both the clean water and rejected water. To reduce this complex modelling the system 

is converted to complete hydraulic system. The system is modelled using a C-element that 

represent the water storage under pressure inside the membrane. The membrane is considered 

as a tank which has radius 0.025 meters with water density of 1000 kg/m^3. The area was 

calculated using equation (3) and used to calculate the value of capacitance using equation (4). 

 

𝐴 = 𝜋. 𝑟2……………………………………………………..(3) 

𝐶 =
𝐴

𝜌.𝑔
……………………………………………………….(4) 

 

Where 𝐴 is the area in 𝑚2, 𝜋 is the constant with value of 3.142, r is the radius of the 

membrane, 𝐶 is the capacitance value of the tank, 𝜌 is the density of water and 𝑔 is the 

acceleration due to gravity. Two R-elements are used to model the hydraulic membrane 

resistance on the clean water side and on dirty water side which depends highly on the 

membrane temperature and conductivity. To control the pressure of reject water, a non-linear 

valve is modelled using the R-element. The valve is modelled using the valve law equation (5) 

[31].  
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𝑄 =
𝑃2.𝜌

2. (𝐶𝑑.𝐴0)2………………………………………………....(5) 

 

Where:  

𝑄 is the flow rate of the valve 

𝑃 is the pressure across valve 

𝜌 is the density of the water 

𝐶𝑑 is the discharge coefficient of the valve 

𝐴0 is the nominal area of the valve 

The clean water pressure, hydraulic load losses and osmotic pressure are all modelled using 

the Se-element with its summation. In order to keep the dirty water at required pressure Se-

element is also used to model that. The selected parameters for the model are shown in table 

12. The generalized bond graph model of the system can be seen in figure 28. 

Table 12: Reverse Osmosis System Parameters 

Element Description Value Unit 

C Membrane Water 

Storage 

2.0e-07 𝑚3/bar 

R Clean water 

resistance 

1.0 bar 

R Reject water 

resistance 

0.0005 bar 

R Reject water valve Eq. (7) bar 

Se Clean water 5.0 bar 

Se Reject water 2.0 bar 
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Figure 28: Bond Graph Model of Reverse Osmosis System 

3.5.3 Complete system model 
 

After combining all the individual systems, the complete bond graph is established as shown 

in figure. The multi-disciplinary systems (electrical, mechanical and hydraulic) are all 

combined with their effort to flow relationship as shown in figure 29. 
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Figure 29: Complete System Bond Graph Model 

 

3.6 Analysis and Results 
 

The system was modelled in 20sim software and using the simulation feature, dynamic 

response was analyzed after which system reaches the steady state response. The normal 

response of the system was shown in the first part. The comparative results are shown later. In 

comparative parts the dark color line represents the system response based on changing the 

system parameter whereas the light color line represents the normal system response.  

3.6.1 Normal System Dynamic Response 
 

Figure 30 shows that the source voltage is stabilized at 24V DC and the current reaches the 

maximum value of 5 Ampere. Figure 31 shows that the motor torque is stabilized at 1.13Nm 

and the motor angular speed reaches a value of 1.25 rad/s. Figure 32 shows that at the start the 

pump pressure becomes negative and the flow rate is also disturbed but once the pump reaches 

its capacity a pressure of 0.15 bar is achieved and flow rate of 5 GPM is stabilized. Figure 33 

and 34 shows that the pressure of clean and reject water is maintained at 5 bar and 2 bar where 

as the flow rate reaches a value of 5.2 GPM and 0.0004 GPM respectively which is optimum 
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condition as there is minimum dirty water and the system is operating at the most efficient 

point. 

 

Figure 30: Source Voltage and Current Response 

 

Figure 31: DC Motor Torque and Angular Speed Response 
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Figure 32: Centrifugal Pump Pressure and Flow rate Response 

 

Figure 33: Clean Water Pressure and Flow rate Response 
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Figure 34: Dirty Water Pressure and Flow rate Response 

 

3.6.2 Voltage reduced due to intermittent solar sources (comparison 

with normal response) 
 

The voltage source is now reduced and dynamic response is analyzed compared to the actual 

dynamic response of the system. This happens because the state of charge of battery is not 

fixed and dependent on the charging and discharging of battery which in turn depends on the 

availability of solar energy and conversion efficiency of the photovoltaic system. Figure 35 

showed that now the voltage is reduced to 20V DC and the current is also reduced. Figure 36 

verifies that torque of motor is dependent on the voltage and it can be seen that torque is 

reduced whereas the angular speed of the motor is still the same. 
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Figure 35: Source Voltage and Current Response 

 

Figure 36: DC Motor Torque and Angular Speed Response 

 

3.6.3 Increased clean water side hydraulic resistance (comparison with 

normal response) 

 
The clean water side hydraulic resistance is increased and the dynamic responses are analyzed 

as shown in fig 37, 38, 39 and 40. It can be seen that the motor speed has drastically reduced 

because of the load on the impeller. Also the pump now has low negative pressure and reaches 

the stability quickly but due to high hydraulic resistance the flow rate of pump is now reduced 
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significantly resulting in very low flow rate of clean water and same flow rate of dirty water.  

 

Figure 37: DC Motor Torque and Angular Speed Response 

 

Figure 38: Centrifugal Pump Pressure and Flow rate Response 
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Figure 39: Clean Water Pressure and Flow rate Response 

 

Figure 40: Dirty Water Pressure and Flow rate Response 

 

3.7  Conclusion 
 

Based on the results, it can be concluded that the system has transient and steady state response. 

The transient response is finished after a time period of 50 – 80 milli seconds. The paper uses 

mathematical models of multidisciplinary system and merge them as single model using bond 

graph language. Simulation is performed using the 20Sim software and the results concluded 
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that if voltage source is decreased due to intermittent nature of renewable energy system the 

motor torque is also affected. Also when the hydraulic resistance of clean water side is 

increased the system becomes highly inefficient as all the water is thrown to the dirty side 

rather than being cleaned in reverse osmosis membrane. The practical understanding is that 

when the membrane is clogged with impurities the resistance to flow is increased resulting in 

poor performance of system which is visible from the modelling results. A differential pressure 

sensor can be used with alarm values to indicate an operator managing the system so that he 

can clean the membrane and efficiently run the system.  
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Abstract 
 

Accessibility of fresh water is the biggest challenge of today’s world. In order to meet the 

increasing demand of clean water without impacting the environment renewable energy needs 

to be integrated with reverse osmosis (RO) system to provide a clean drinking water system. 

This paper provides system design which includes selection of renewable energy system, 

reverse osmosis system and control system that can be integrated together to form a complete 

clean drinking water system.  This paper further provides an elaborative instrumentation 

system design system that will fulfill the needs of water for a community in Pakistan. 

Furthermore, control system strategy is discussed to ensure that all process parameters are 

measured that will enable the system to work at its required capacity. Lastly, the hardware 

prototype setup designed in the lab is discussed to measure process parameters and ensure the 

system is fulfilling the operational and control requirements. 

 

Keywords 
 

Solar Energy, Reverse Osmosis, Instrumentation Control System. 
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4.1. Introduction 

 
Pakistan economy mostly relies on agriculture and around 22.2% of that contributes to its 

overall gross domestic product (GDP) [1]. In 1950s Pakistan has the water capacity of around 

5000 𝑚3 per capita and it has decreased significantly now [2]. There is huge water crisis 

worldwide and countries are looking for different ways in order to extract water. Desalination 

of water is one of the solution available today for production of clean water but this process 

requires huge amount of energy which in turn is achieved by burning fossil fuels. Considering 

the excessively increasing requirement of water and saving the atmosphere at the same time 

renewable energy technology based reverse osmosis desalination system provides a good 

source of clean fresh water. Thankfully, Pakistan lies on the region of good solar irradiance 

ranging from 5–7 kWh per 𝑚2 per day and sunshine hours of 1,500–3,000 per year [3] which 

can be used for solar powered reverse osmosis systems. The desalination process now is used 

worldwide and its utilization trend has shown an increase in the recent years [4]. The Solar 

powered reverse osmosis converts the brackish water to fresh water as the water passes through 

membranes and remove approximately 98% salt from it [5]. This paper focuses on providing 

a solution to a community located in Pakistan that has no access to clean water by selecting 

the separate systems available in the market on the basis of the community requirement. These 

systems can be broken down as electrical, mechanical and control system. Furthermore, the 

instrumentation design, control system strategy and hardware prototype is discussed.  

4.2 Literature Review 
 

In this section, several papers related to the photovoltaic-based reverse osmosis system are 

reviewed. Focus was given to papers in which instrumentation and control system work were 

applied. MIT research work showed how small solar powered system produced clean water for 

a village community in Mexico [6] and was enough for whole community. Another study was 
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conducted in which analysis was done to understand the behavior of system according to the 

temperature of the solar panels. The study concluded that 10% more energy from the 

photovoltaic panels was generated when the system was cooled [7]. Another paper was 

reviewed in which elaborative instrumentation on just reverse osmosis system was discussed 

and concluded that performance of such system is highly depended on temperature and pH of 

the water [8]. Edward [9] study provides a new approach for reverse osmosis system 

instrumentation and control design by applying artificial intelligence based software 

technology in order to make the system robust and more efficient. Francisco [10] analyzed how 

the variation of renewable energy source can affect the output on desalination water 

production. His work includes the parameter of flow and pressure. Thomas [11] worked on 

reverse osmosis system without batteries. He further designed the instrumentation and data 

acquisition on LabView and analyzed the results of the system. Glueckstern [12] utilizes the 

microprocessor based programmable logic controller with active sensors to analyze the 

performance of on-line reverse osmosis system plant. It records all historical data for data 

analytics to further optimize plant performance in future. All these research approaches 

provided a great insight on how to design the system, select its instrumentation and finalize a 

robust control strategy. 

4.3 System Description 

 
The overall system will comprise of an electrical system which is based on the renewable 

energy technology powering up the main water desalination system which is based on reverse 

osmosis technology. The system will have important instrumentation and will provide that 

information to a centralized control system. The figure 41 below shows the complete block 

diagram of the system. 
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Figure 41: Block Diagram of Complete System 

4.3.1 Electrical System 
 

The electrical system will use the solar energy. The energy is converted and stored in the 

battery and used for running the motors of the system. The load of the system is 2.0 kW as the 

per the system design [13]. The table 13 below summarizes the important electrical parameters 

of the system design [13]. 

Table 13: Summary of Electrical Parameters [13] 

Parameter Value 

PV Maximum Power 4.80 KW 

Number of Batteries Required 20; 5 set of 4 

strings 

Inverter 4.30 KW 

Renewable Energy Fraction 100% 

PV Maximum Production 8418 KWH/Year 

Battery Autonomy 44.6 hours 

Battery Annual throughput 480 KWH/Year 
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Battery Nominal Capacity 27.9 KWH 

Battery Usable Nominal Capacity 22.3 KWH 

Inverter Mean Output  0.500 KW 

 

4.3.2 Reverse Osmosis Desalination System 
 

Reverse osmosis system converts unfiltered feed water to clean water when feed water is 

pressurized and passed through a membrane. The water flows through the membrane and more 

contaminants are accumulated to the more concentrated side of the membrane whereas clean 

drinking water is accumulated to less concentrated side of the membrane [14]. According to 

the water requirement of community which is 2964 liters of water per day [13] system available 

in market were reviewed and selected. The selected system is US water Defender system. The 

company offers various models but the model selected is DFWHRO-4000 in order to meet the 

requirements of the community. The figure 42 shows the physical hardware of the system [15]. 

The table 14 shows the important design parameters of the system [15]. 

 

Figure 42: Physical Hardware of the Reverse Osmosis System [15] 

Table 14: Important Design Parameter of the Reverse Osmosis System [15] 

Parameter Description 
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Configuration Single Pass 

Feed Water Source City or Well Water 

Standard Recovery Rate 48% 

Recovery Rate with Concentrate 

Recycle 

Up to 75% 

Permeate Flow  2.78 GPM 

Minimum Feed Flow 5.78 GPM 

Membrane per Vessel 01 

Membrane Quantity 02 

Membrane Size 4” x 40” 

Pump Type Multi-Stage 

Motor 1.10 KW 

Pump RPM 3450 @ 60 Hz 

 

4.3.3 Monitoring and Control System 
 

Arduino embedded with Node Red is used as the overall control system for this water 

purification system. It is an open source platform to embed different sensors, develop control 

strategies and execute several operations. Arduino is only used for data acquisition from field 

sensors whereas the node red then takes care of all programming and control decisions. The 

biggest advantage of Arduino microcontroller is that it’s simple to use even for beginners and 

it has the capability to execute detailed control logics. The Arduino board available in the 

market and the Arduino IDE which is the programming software for performing the coding is 

used. On the other hand, Node red is an open source programming tool where you can develop 

codes and link the physical hardware by online coding. It contains a browser based 

programming platform where you can install several libraries to connect and communicate 
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with the physical world [16]. The biggest advantage of using node red is that it uses easy to 

wire programming language where you can visualize the node flows and how the code 

sequence will execute. The figure 43 shows the programming environment of node red. 

 

Figure 43: Browser based Programming Environment of Node Red 

Lastly, in order to integrate the field devices with the online browser based control system of 

Node red, Firmata protocol is used for communication between Arduino (Input/Output 

Interface) and Node red (Control System). Firmata is a protocol for communicating with 

microcontrollers from a software based on computer. The protocol is loaded on the firmware 

of the microcontroller so that the microcontroller act as the support for that package [17]. The 

most commonly implemented versions of firmata is for Arduino and Spark.io. The figure 44 

below shows the block diagram for the integration of field devices (Sensors) with Input/Output 

interface (Arduino) that can be communicated using firmata protocol with the control system 

(Node Red). 
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Figure 44: Block Diagram of Control and Monitoring System Implementation 

 

4.4 Instrumentation System Design 

4.4.1 Electrical System Instrumentation Design 
 

The important parameter of the complete electrical system needs to be tracked in order to 

analyze the performance of the system. The instrumentation selected for the electrical system 

includes solar panel current and voltage measurement. Using the two parameters system can 

decide the available power at any point in the day. 

4.4.2 Reverse Osmosis System Instrumentation Design 

 
In order to ensure that the system is running smoothly several parameters need to be measured 

and tracked. The important parameter of the complete reverse osmosis system needs to be 

tracked includes feed water pressure, inlet temperature, pump status, pump pressure, outlet 

pressure after membranes and clean water tank level. Feed water pressure is measured to ensure 

that the system have the required inlet pressure available for smooth operation. The inlet 

temperature is measured to calculate the efficiency of the system because the conversion 

efficiency is dependent on the water temperature. The pump status is monitored for operational 

sequence and alerts. The pump pressure is measured to ensure pump is running at its full 
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capacity and maximum efficiency is achieved. The outlet pressure and clean water tank level 

is measured to provide updates to the nearby community. 

4.4.3 Complete Instrumentation and Control System Design 
 

The overall process and instrument diagram will provide the snapshot of the complete 

instrumentation system. The figure 45 shows the complete system process and instrument 

diagram with all sensing points and control actuators. 

 

 

Figure 45: Complete System Process and Instrument flow Diagram 

 

4.5 Monitoring and Control System Design  

 
In order to ensure that the overall system works according to the operational requirement 

control system strategy needs to be implemented. The complete control strategy is elaborated 

further and three major control loops are explained. 

4.5.1 Energy Monitoring Loop 
 

The energy control loop works by taking solar voltage, solar current and battery voltage as the 
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inputs. The system alerts the user about the available power to run the system and generates 

alerts for low solar power and low battery power. It can shut downs the system when the battery 

voltage drops down the set point level. The figure 46 shows the block diagram for energy 

control loop operation. 

 

 

Figure 46: Energy Control Loop 

 

4.5.2 Pressure Monitoring Loop 
 

The pressure control loop takes the feed pressure, pump pressure and outlet pressure as the 

inputs and alerts the user according to desired values. The system is shut down if the feed 

pressure is lower than the set point. The differential pressure between the pump pressure and 

outlet pressure is also calculated to alert the user about the condition of membrane and for its 

replacement. The figure 47 shows the block diagram for pressure control loop operation. 
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Figure 47: Pressure Control Loop 

 

4.5.3 Product Monitoring Loop 
 

The product control loop takes the input of the outlet water total dissolved solids (TDS), outlet 

flow rate and clean water tank level. The system is shut down if the TDS is higher than the set 

point. Alerts are provided about the availability of water level in the tank and forecast is made 

on the future availability of water based on the outlet flow rate. The figure 48 shows the block 

diagram for energy control loop operation. 

 

Figure 48: Product Control Loop 

 

4.5.4 Complete Monitoring and Control Strategy 

 

The overall control system strategy will provide the snapshot of the complete control system 
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which comprises of three control loops elaborated earlier as energy, pressure and product 

control loops. The figure 49 shows the complete control system strategy. 

 

Figure 49: Complete Control Strategy 

 

4.6 Hardware Implementation 
 

In order to test the designed instrumentation and control system for the integrated solar 

powered based reverse osmosis system an experimental lab setup was created as shown in 

figure 50. The experimental lab setup has all major sensors required to control the system with 

Arduino microcontroller as the input and output interface. The elaborated control system was 

developed in the node red browser based control system and was integrated with field devices 

by firmata protocol. The system was found to operate as per the operational requirements. 
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Figure 50: Experimental Laboratory Setup 

4.7 Conclusion 

 
The paper provides a unique system integration design by utilizing the Solar Energy for water 

availability (Reverse Osmosis Desalination System) using software based control system 

approach (Node Red) for a community in Pakistan. It further elaborates the important 

instrumentation required to ensure the system operation and monitoring of critical process 

parameters. Furthermore a detailed system design is elaborated using three control loops 

defined as energy, pressure and product. Lastly an experimental laboratory setup was created 

to verify the operation and monitoring of the system to ensure its stability. 
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Abstract 

 
Design and implementation of an open-source, internet-of-things (IOT) based supervisory 

control and data acquisition (SCADA) system for a community solar powered reverse osmosis 

is presented in this paper. A typical SCADA system available on the market is proprietary and 

has a high initial and maintenance cost. Aside from that, there is no SCADA system with alert 

system available to give users updates and status information concerning the system. The 

objective of this study is to develop a comprehensive design that takes advantage of an open-

source SCADA system in order to address the world's most pressing problem, access to clean 

water. Designed reverse Osmosis system also uses renewable energy-based power sources. In 

this system, all data is stored and analyzed locally, which ensures the data is secure and allows 

the user to make data-driven decisions based on the collected data. Among the main 

components of this system are the field instrument devices (FIDs), the remote terminal unit 

(RTU), the main terminal units (MTUs), the web-based programming software and the data 

analytics software. The Node-Red programming and dashboard tool, Grafana for data analytics 

and InfluxDB for database management runs on the main terminal unit having Debian 

operating system. Data is transmitted from the FIDs to the RTU, which then redirects it to the 

MTU via serial communication. Node-Red displays the data processed by the MTU on its 

dashboard. As well as, the data is stored locally on the MTU and is displayed by means of 

Grafana, which is also installed on the same MTU. Through the Node-Red dashboard, the 

system is controlled, and notifications are sent to the community. 

 

Keywords 
 

SCADA, Node-Red, Internet-of-Things, Reverse Osmosis, Grafana, Solar Energy
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5.1. Introduction 

 

A supervisory control and data acquisition system (SCADA) integrates software and hardware 

to enable monitoring and control of any industrial process through sensors and control 

algorithms [1]. SCADA enables process to be better controlled and decisions can be made 

based on data analytics. In SCADA, sensors feed data to control systems through hardware 

components. The control system is used to process all the data and display it using a Human 

Machine Interface (HMI). A SCADA can record all events in a database. Additionally, the 

system includes a reporting system to ensure that alerts and status messages are delivered to 

users. A SCADA system minimizes downtime, increase system availability, and allows 

organizations to make more informed decisions with less effort. Among the most critical 

components of a SCADA system is a programmable logic controller (PLC) or remote terminal 

unit (RTU). During operation, the PLC or RTU communicates with the centralized computer, 

which contains SCADA software attached to a database containing historical data information. 

Field devices provide data to the PLC or RTU which process the data to the SCADA software 

and implement important decisions [1, 2]. 

Approximately 70% of the earth's surface is covered with water, however only 3% of it is fresh 

water, the remainder being frozen glaciers or unusable. [3]. Around 1.1 billion people 

worldwide don’t have access to water and almost 2.7 billion don’t have water availability for 

at least one month in a year [3]. One of the biggest challenges that the world is facing is huge 

water crisis worldwide and countries are looking for different ways in order to extract water. 

Desalination of water is one of the solution available today for production of clean water, but 

this process requires huge amount of energy which in turn is achieved by burning fossil fuels. 

This contributes to global warming which is another biggest concern. Considering the 

excessively increasing requirement of water various renewable energy technology based 

reverse osmosis desalination system can provide a good source of clean fresh water. The Solar 
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powered reverse osmosis converts the brackish water to fresh water as the water passes through 

membranes and remove approximately 98% salt from it [4]. The complete system will be 

powered by the photovoltaic (PV) panels that convert solar energy to the form of electrical 

energy. The electrical energy then is further utilized to power the reverse osmosis-based 

desalination system. Therefore, after completing the sizing [5] and dynamic modelling using 

the bond graph method of the system [6], SCADA system is designed for the real-time 

monitoring that enables local data logging embedded with global system for mobile 

communication (GSM) based short message service (SMS) alerts system. The SMS alert 

system will provide all live updates to the community about the status of the system. 

Throughout this article, information is organized on the following way. Section 2 of the paper 

presents a detailed literature review. Section 3 of this article describes the entire system in 

detail, while Section 4 describes the components in detail. This article presents a description 

of the implementation methodology in section 5 and discusses the results of the 

implementation, as well as a design and discussion of the prototype in section 6. In Section 7 

discussion is carried out where as the article is concluded in Section 8. 

 

5.2. Literature Review 

 
Through the course of this study, a comprehensive literature review was conducted, and a 

number of useful sources were identified and are outlined in this section. In [7] a detailed 

SCADA/HMI was developed for a multistage desalination system. The desalination system 

consists of eight cycles with many field sensors. The control system used was Siemens S7 -

3000 PLC with WINCC SCADA software which is fee-based system. The authors highlighted 

the idea of having a redundant system in case the main server is failed. The authors further 

concluded that the multi-point interface (MPI) is used as the main control loop because it is 

faster than Ethernet connection. In [8] authors have developed a personal computer (PC) based 

SCADA system for reverse osmosis desalination plants. The basic setup includes LabView 
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Software which is fee based with a data acquisition card to build the complete system. This 

system provides a low-cost SCADA system where basic functionality and control for small 

systems can be achieved. The authors of [9] worked on the monitoring and control of multi-

stage flash brine recirculation (MSF-BR) combined with the reverse osmosis (RO) system. The 

system is elaborated in detailed, and its process control and instrumentation strategy are 

explained. They used Rockwell Automation product called FactoryTalk View Site Edition 

(SE) which is widely used software in the field of automation and control. The whole process 

control system was developed and controlled by the user-friendly HMI. In [10], the authors 

have elaborated about controlling process by using distributed control system (DCS), SCADA 

and PLC. The research contribution educates the reader about the working of DCS system with 

focus on developing control system for the reverse osmosis plant. The authors have developed 

an Internal Model Based Control (IMC) strategy to control the overall plant. The control 

strategy works on the multivariable control system for making the system control robust. 

Further for the database management, a text file is generated that keeps the record for all the 

alarms and sequence of events. The data history is also saved in the database as a text file. In 

[11] authors have designed and implemented SCADA for the huge desalination process where 

five lines of desalination are running parallel to four coastal wells and two end of line pumps 

of permeated water obtained are merged as a single plant. The MOVICON 11.5 SCADA 

system is used as the software platform for the design. The work further explains the control 

system for each operation followed by the centralized control and monitoring system. Each 

process has its own algorithms for control system and all individual algorithms were 

synchronized to achieve the maximum efficiency. Extensive data set is available for generation 

of alarms, reports and creating historical database. In addition, the paper provides trends and 

monitoring of the system using the historian data to enable data-driven decision making. All 

of the above listed examples use proprietary software and hardware’s. 

A very large costal desalination plant of California was retrofitted and the authors [12] 
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explained the work. Due to the increasing cost of electricity in California the management 

decided to operate the plant just on weekends because the cost of electricity is lower on 

weekends resulting in less utilization of the plant compared to its full design potential. The 

retrofit project executed increased the operational efficiency of the system which resulted in 

running the plant for all days in the week. Moreover, the plant's operating costs were reduced 

by 64%, which was a significant achievement. The retrofit work includes modification of 

mechanical systems as well as elaborating future improvement plan of including SCADA 

system for monitoring and predictive analysis. The research work further elaborated the 

modular expansion of the system with secured wireless SCADA network that will allow secure 

control and communication. In [13, 14] authors have developed a control system for the reverse 

osmosis desalination process using PC based SCADA system. The authors [13] majorly 

focuses on developing the fault tolerant based control system strategy whereas the [14] system 

focus on low-cost solutions with safety features. Detailed system architecture was discussed 

with using Adam 4000 modules for hardware and VisiDaq 3.1 for software integration. Each 

integration provides easy to program solution with full control. Another research [15], has 

elaborated a descriptive mathematical model for a large-scale multi-scale flash (MSF) 

desalination process. The input is passed through a series of signal processing steps including 

signal conditioning, filtering, steady state checks and limit value monitoring. Extensive 

mathematical modelling is carried out to ensure that the process is optimized. In order to ensure 

system robustness, a fail-safe dual redundant computer system configuration in hot standby 

mode is discussed with a robust SCADA system having a self-system backup capability in case 

of system failure. These are some examples where authors used commercial hardware and 

software with no consideration to the cost and energy needed for operation. 

A study conducted at Massachusetts Institute of Technology demonstrated how a small solar 

powered system produced clean water for a village community in Mexico [16] and was enough 

for whole community. As part of another study, analysis was done to understand the behavior 
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of system according to the temperature of the solar panels. The study concluded that 10% more 

energy from the photovoltaic panels was generated when the system was cooled [17]. Another 

paper was reviewed in which elaborative instrumentation on just reverse osmosis system was 

discussed and concluded that performance of such system is highly depended on temperature 

and pH of the water [18]. Edward Fredkin and Roger Banks in [19] provides a new approach 

for reverse osmosis system instrumentation and control design by applying artificial 

intelligence based software technology in order to make the system robust and more efficient. 

In [20], authors analyzed how the variation of renewable energy source can affect the output 

on desalination water production. This work includes the parameter of flow and pressure. The 

authors of [21] worked on reverse osmosis system without batteries. They further designed the 

instrumentation and data acquisition on LabView and analyzed the results of the system. Study 

utilizes the microprocessor based programmable logic controller with active sensors to analyze 

the performance of on-line reverse osmosis system plant [22].  

There have been several approaches explored by researchers to ensure the instrumentation and 

control of desalination systems without providing real-time alerts to users. Others have 

designed SCADA systems with multiple servers, which has compromised the security of the 

system as data is stored remotely. Thus, a comprehensive design and implementation of an 

open-source, internet of things (IOT) based SCADA system is missing in the literature. In this 

paper our focus is to design an open-source, low cost SCADA system with the following 

features: 

 With the latest SCADA architecture this study stands out particularly with respect to 

its use for reverse osmosis system. 

 Designed system is configured on a local machine through Node-Red visual 

programming language that is accessible through the browser for easy control. 

 The system incorporates local storage with restricted user authorization only. 

 Intuitive dashboard and data analytics are provided with a Web-based real-time and 
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historian monitoring and control system. 

 Maintains an alert system to inform the community the system status and updates. 

 Designed system uses 100% open source technology. 

 

5.3. System Description 

 
The designed open source, internet of things-based SCADA system is depicted in figure 51. 

The system can be elaborated in two parts which includes electrical power system and water 

desalination system. In electrical power system, solar panels are used to charge the battery 

through the charge controller which ensures maximum power point is tracked. Full details of 

system design and dynamic modelling may be found in our earlier published work [5, 6]. This 

electrical power is then feed to inverter to run the electric motor. For the reverse osmosis 

desalination system, raw water is taken and passed through the high-pressure pump to achieve 

desired water pressure to enter the reverse osmosis desalination membrane. Membrane is the 

most important component in the reverse osmosis system as it has small pores that allow water 

molecules to pass through and stop contaminants. When water pass through the membrane, the 

dirty water is collected to the more concentrated side whereas the clean water is collected to 

the less concentrated side [23]. The clean water is then stored in a water tank to supply 

uninterrupted water to the community. In order to measure all the important parameters from 

the complete system several sensors are used. For demonstration purposes Arduino Mega 2560 

(Arduino, Somerville, MA, USA) microcontroller is used that act as the Remote Terminal Unit 

(RTU) for all input and output communications. The sensor data taken from the electrical 

system includes solar panel voltage and current whereas the inlet water pressure, inlet water 

temperature, pump pressure, outlet pressure and clean water tank level are measured for the 

reverse osmosis desalination system. The pressure pump control is also provided to ensure in 

case of any fault the pump is turned off. In the design configuration, a low-cost computer was 

used with raspberry Pi Software x86 (Raspberry Pi foundation, Cambridge, Uk) which includes 
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a 32-bit Debian operating system with a kernel version of 5.10 was installed on the x86-64 bit 

processor. The computer has Intel i5, 4 core central processing unit (CPU) with 4 gigabytes of 

random-access memory. Inside the programming terminal, Node Red version 3.0.2, node.js 

version 16.16.0 with dashboard version 3.1.7 is installed for programming and HMI design. 

For the purpose of database, InfluxDB version 1.5.3 is installed on the computer for storing 

data locally. In order to have data visualization and analysis, Grafana version 7.4.5 is installed 

on the same programming terminal. The system was programmed to provide important alerts 

to the community using the GSM system.  
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Figure 51: Proposed SCADA System for a Solar Powered Reverse Osmosis Desalination 

System Architecture 
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5.4. Components of the Designed System 

 
As part of the system design all field sensors data is received by the RTU and sent to the 

Raspberry Pi - Node Red based Programming terminal (MTU). After that the Node Red based 

graphical user interface utilizes the data for displaying several parameters whereas control 

buttons and community notifications are also available. Further the data is stored into the local 

Influx DB database and used by Grafana for historical data analytics. The comprehensive detail 

of each component used in the design is described below. 

5.4.1 Field Instruments Devices (FIDs) 

 
Field Instrument devices are the highly important part of the system. The field instrument 

devices are capable of measuring what is occurring on the ground. The values are taken from 

the FIDs, feed to RTU and eventually send to open-source programming terminal (MTU). 

Based on the physical stimulus, measurements and actuation is divided into three sections in 

the designed system, which are stated below: 

 Electrical System FIDs  

 Reverse Osmosis Desalination System FIDs 

 Actuators and Simulators FIDs 

All the FIDs used in the system are summarized in Table 15 with their manufacturer, model 

and desired function. 

Table 15: Sensors manufacturer, models and function 

Sr.# Manufacturer Model Function 

1 CR Magnetics CR5310 DC Voltage 

Transducer 

2 CR Magnetics CR5210 DC Current 

Transducer 
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3 TE Connectivity 

Measurements 

Specialties 

4525-15AP Inlet Pressure 

Transducer 

4 Maxim DS18B20 Inlet 

Temperature 

Transducer 

5 TE Connectivity 

Measurements 

Specialties 

4525-15AP Pump 

Pressure 

Transducer 

6 TE Connectivity 

Measurements 

Specialties 

4525-15AP Outlet 

Pressure 

Transducer 

7 SongHe B07THDH7Y4 Clean Water 

Tank Level 

Transducer 

8 Lychee Limited 06-061-024 Relay Module 

for Pump 

On/Off 

9 Mastercraft 2 Gallon Air Compressor 

for Inlet 

Pressure 

Simulation 

10 Mastercraft 2 Gallon Air Compressor 

for Pump 
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Pressure 

Simulation 

11 Mastercraft 2 Gallon Air Compressor 

for Outlet 

Pressure 

Simulation 

 
 

5.4.1.1 Electrical System FIDs 
 

CR5310 and CR5210 are used as the DC voltage and current sensors respectively. The CR5310 

sensor provide the output in the range of 0 – 5 V DC and is directly proportional to the input 

range of 0 – 600 V DC whereas the CR5210 sensor has the current input range of 200 A DC. 

These sensors have a very important feature of isolation from input side to the output side 

which will make sure that the RTU is not damaged in case of any over voltage or current 

situation. In order to operate both the sensors a working voltage of 24 V DC is required. The 

Figure 52 shows the wiring diagram of the sensor. The technical specifications for CR5310 

and CR5210 are also summarized in table 16. 

 

Figure 52: Current and voltage sensor wiring diagram [24, 25]. 
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Table 16: Technical specification of current and voltage sensor [24, 25] 

Sr.# Specification  Value Units 

1 Accuracy 1.0 % 

2 Linearity 10 to 

100 

% FS 

3 Thermal Drift 500 PPM/C 

4 Operating Temperature 0 to 

50 

C 

5 Response Time 250 ms 

6 Supply Voltage  24 V DC 

7 Supply Current 35 mA 

 

 

5.4.1.2 Reverse Osmosis System FIDs 

 

Inlet pressure, pump pressure and outlet pressure are all measured by the same type of 

transducer. The TE Connectivity Measurements Specialties transducer serves as the single 

solution for all pressure measurements. The transducer is a small PCB mounted sensor based 

on the latest CMOS sensor conditioning circuitry to create a low cost high performance sensor. 

The sensor is an 8 pin device with pressure measurement port on top of it. The figure 53 shows 

the internal block diagram of the sensor whereas the figure 54 shows the connection diagram 

of the sensor. 

 

Figure 53: Pressure sensor internal block diagram [26]. 
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Figure 54: Pressure sensor connection diagram [26]. 

 

Further technical specifications of the sensor is summarized in table 17. 

Table 17: Technical specification of pressure sensor [26] 

Sr.# Specification  Value Units 

1 Supply Voltage 2.7 to 

5.5 

V DC 

2 Output Current 3 mA 

3 Over Pressure 300 Psi 

4 Accuracy -0.25 

to 

0.25 

% of Span 

5 Operating Temperature -25 to 

105 

C 

6 Response Time 0.5 ms 

 

Inlet temperature is measured using the Maxim DS18B20 sensor which is a one wire 12 bit 

temperature sensor. The sensor can be powered by 3 to 5 V DC and can measure any 

temperature between -55 C to 125 C. The sensor has a water proof packing making it super 

useful to use in wet conditions and in water applications. The figure 55 shows the physical and 

connection diagram for the sensor.  
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Figure 55: Temperature sensor physical and connection diagram [27]. 

Further technical specifications of the sensor is summarized in table 18. 

Table 18: Technical specification of temperature sensor [27] 

Sr.# Specification  Value Units 

1 Supply Voltage 3.0 to 

5.5 

V DC 

2 Thermometer Error +/- 2 C 

3 Standby Current 750 nA 

4 Active Current 1 mA 

 

Clean water tank level is measured using the water sensor module by SongHe. The sensor is 

easy to integrate, compact, lightweight and has traces of copper to detect the level of water. 

This sensor works by having a series of exposed traces connected to ground and interlaced 

between grounded traces and the sensor traces. The figure 56 shows the connection diagram 

for the sensor.  
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Figure 56: Water level sensor physical and connection diagram [28]. 

Further technical specifications of the sensor is summarized in table 19. 

Table 19: Technical specification of water level sensor [28] 

Sr.# Specification  Value Units 

1 Operating Voltage 3.0 to 

5.5 

V DC 

2 Working Current < 20 mA 

3 Working Temperature 10 to 

30 

C 

4 Output Voltage 0 to 

4.2 

V DC 

5.4.1.3 Actuators and Simulators FIDs 
 

The relay module (Lychee Limited 06-061-024) is used for the controlling of the main pump 

from the RTU. The RTU provide 0 V DC for off signal and 5 V DC for the on signal to the 

relay module which in turn will turn the pump on or off. The device has the capability to be 

used in normally open or normally closed configurations. The figure 57 shows the all 

components installed on the device. 
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Figure 57: Relay module physical hardware and connection points [29] 

Further technical specifications of the sensor is summarized in table 20. 

Table 20: Relay module technical specifications [29] 

Sr.# Specification  Value Units 

1 Maximum Output 30 

250 

V DC 

V AC 

2 Voltage Input 5 V DC 

3 Operation Time 10 ms 

4 Release Time 5 ms 

5 Maximum On Off 

Switching 

30 Operations/min 

6 Operating Temperature -25 to 

70 

C 

 

The three master craft compressors are used to simulate the pressure values to the system. 

These compressors features an oil free design which ensures less maintenance. It is a single 

hand operation device with quick setup. The rubber feet’s of the compressor allows more 

stabilize operation. The unit has local pressure gauges to check the pressure readings. The 

figure 58 shows the major parts of the compressor device which includes a pump for building 
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up the pressure and discharging into the tank, an electric motor for the rotation of pump, a tank 

to store the compressed air and few pressure gauges to show the discharge and inlet pressures.  

 

Figure 58: Major parts of compressor [30] 

Further technical specifications of the sensor is summarized in table 21. 

Table 21: Technical specification of compressor [30] 

Sr.# Specification  Value Units 

1 Power 1.0 Hp 

2 Voltage Input 120 V AC 

3 Frequency 60 Hz 

4 Duty Cycle 50 % 

5 Tank Size 3 U.S. 

Gallons 

6 Pressure Range 0-125 PSI 

7 Compressor Capacity 3 @ 

40 

PSI 

CFM 
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2 @ 

90 

PSI 

 

 

5.4.2 Remote Terminal Unit (Arduino Mega 2560) 
 

The Arduino Mega 2560 microcontroller board is used as the RTU. It is based on the 

Atmega2560 controller chip. The board has 54 digital input and output pins out of which 14 

pins can be used as pulse width modulation (PWM) output pins. Further the board has 16 

analog inputs and 4 universal asynchronous receiver transmitter (UART) pins. The board 

consist of a 16 MHz crystal oscillator provided with a standard universal serial bus (USB) 

connection, a power jack for external power supply from the DC adapter, an in-circuit serial 

programming (ICSP) header and a reset button. The figure 59 shows the detailed pin 

configuration of the RTU. The SCADA system design presented in [31] uses Arduino mega 

Atmega2560-based microcontroller as a RTU.  
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Figure 59: RTU Pin Configuration [32]. 

 

 The table 22 summarizes the technical specifications of the Arduino Mega 2560 board. 

Table 22: Technical specification of RTU [32] 

Sr.# Specification  Value Units 

1 Operating Voltage 5 V DC 

2 Input Voltage 

(Recommended) 

7-12 V DC 

3 Input Voltage (Limits) 6-20 V DC 

4 Digital I/O  54 Pins 

5 Analog Input 16 Pins 

6 Current Per I/O Pin 40 mA 

7 Flash Memory 256 KB 
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8 Static Random Access 

Memory 

8 KB 

9 Electrically Erasable 

Programmable Read-

Only Memory 

4 KB 

10 Clock Speed 16 MHz 

 

The Arduino Mega is programmed using the Arduino compiler Integrated Development 

Environment (IDE). The IDE is a versatile editor where programmer can install different 

libraries, make own programs and debug them to check for errors. The code written in IDE is 

called sketches. Arduino codes are written in C++ language with an addition of special methods 

and functions. The IDE has a serial monitor option where programmer can interact with the 

board for real-time monitoring and debugging. The serial plotter is another important feature 

of the IDE where real-time graphs of your serial data can be plotted and waveforms can be 

analyzed. The library structure of any sketch is a folder comprised of files with C++ Code 

(.cpp) and header files (.h). After you have coded your desired task in the IDE, you can compile 

the code to check for errors followed by upload the code to the Arduino mega 2560 board using 

standard USB serial connection and run it physically. The figure 60 shows the IDE and its 

major components. 
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Figure 60: IDE major components [33]. 

 

5.4.3 Main Terminal Unit (MTU) 
 

The main terminal unit is the back bone of this whole system. This unit is responsible for the 

data acquisition, programming, data visualization and data storage. In order to understand this 

unit it can be divided into two categories which includes hardware and software. The details 

of both categories are further explained in below sub sections. 

5.4.3.1 Hardware (Physical Device) 
 

An old MacBook Air (13-inch, mid 2012) is used as the main hardware for the main terminal 

Unit. The unit has 128 GB of flash storage and has 1.8 GHz dual core Intel Core i5 processor. 

The unit has 4GB of RAM, have an Intel HD Graphics 4000 Card with 1400x900 screen ratio 

for quality display. Further, the unit has a SD card slot, 2 USB 3.0 ports, thunderbolt, Magsafe 

2.0 and a headphone port. The device has 802.11n Wi-Fi for wireless networking and is IEEE 

802.11a/b/g compatible. The device has a compact 50 watt hour lithium polymer battery which 

can run the system in standby for 30 days and up to 7 hours when using wireless and web. The 

device operates on 100 – 240 V AC with a frequency range of 50 – 60 Hz inside an operating 
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temperature range of 10 -35 C. 

5.4.3.2 Software (Operating System, Applications and Database)  
 

For the better understanding of each component with in the software package, the system can 

be divided into three parts which are stated below and explained further in subsections. 

 Operating System 

 Applications 

 Database 

5.4.3.2.1 Operating System  
 

The Arduino Mega 2560 microcontroller board is used as the RTU. It is based on the 

Atmega2560 controller chip. The board has 54 digital input and output pins out of which 14 

pins can be used as pulse width modulation (PWM) output pins. Further the board has 16 

analog inputs and 4 universal asynchronous receiver transmitter (UART) pins. The board 

consist of a 16 MHz crystal oscillator provided with a standard universal serial bus (USB) 

connection, a power jack for external power supply from the DC adapter, an in-circuit serial 

programming (ICSP) header and a reset button. The figure 9 shows the detailed pin 

configuration of the RTU. The SCADA system design presented in [34] uses Arduino mega 

Atmega2560-based microcontroller as a RTU.  

 

5.4.3.2.2 Applications 
 

The application software’s used for the development of the system includes Node-Red and 

Grafana. Node-Red is a flow-based programming tool, originally developed by IBM’s 

emerging technology services team. This software is now part of the OpenJS foundation. Node 

red is an open-source programming tool where you can develop codes and link the physical 

hardware by online coding. It contains a browser-based programming platform where you can 

install several libraries to connect and communicate with the physical world. The major 

advantage of using node red is that it uses easy to wire programming language where you can 
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visualize the node flows and how the code sequence will execute. In programming there are 

“black boxes” which you call as “nodes” that has well defined purpose and can be linked by 

wire programing for data flow. The programing embedded with the visual representation of 

the flows allows the software to be used by a variety of users. The web-based programming 

technology is based on Node.js for editing the flows. New nodes can be easily imported as the 

software has a huge community where developers can program their nodes and share with the 

rest of the community. The new flow then can be easily shared as java script object notation 

(JSON) files. The Node- Red version 3.0.2 with the node.js version 16.16.0 was used for the 

development of the system. The figure 61 shows the web-based programming environment of 

the software. In [35], the authors used Node-Red as a preferred IoT platform and stressed the 

importance of configuring the system on a local machine to ensure system security and privacy. 

 

 

Figure 61: Node-Red web based flow programming environment [36]. 

One of the biggest node and feature of the Node-Red is the dashboard module. This allows a 

set a nodes to quickly create a live dashboard. User can add the following but not limited to 

widgets to the dashboard which includes: 

a. Audio out 

b. Button 

c. Charts 



128  

d. Drop down Menus 

e. Forms 

f. Gauge 

g. Notification 

h. Slider 

i. Switch 

j. Text 

The Node-Red dashboard version 3.1.7 was installed for the development of the system. The 

figure 62 shows a template of dashboard created in Node-Red. 

 

Figure 62: Node-Red Dashboard [37]. 

The other most important software application used for the development of the system is 

Grafana. Grafana is the open source analytics and monitoring solution for every database. The 

Grafana version 7.4.5 was used for the creation of this system. By the help of this software, 

user can write query, visualize, create alerts and understand data no matter where it’s stored. 

It allows the user to create, explore and share all the data through beautiful, flexible dashboards 
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which makes decisions easier and better. The software does not restrict your database type 

rather it can be from your kubernetes cluster, raspberry pi, different cloud services or even 

google sheets. With these capabilities user can understand all relevant data, create relationship 

between them and most importantly helps in identifying the root cause analysis for incidents 

as quickly as possible. The figure 63 shows the dashboard sample from Grafana. 

 

Figure 63: Grafana data analytics dashboard sample [38]. 

 

5.4.3.2.3 Database 
 

A database is an organized collection of structured information that is saved in the electronic 

form inside the storage of a computer system. The database is normally controlled by the by a 

management software that manages the saved information inside the storage location. 

InfluxDB version 1.5.3 is used as the database for this system. It provides smart data platform 

with everything to create time series database.  It allows users to create multi-tenanted time 

series database, dashboard tools, data processing and monitoring. The extensive community 

groups allows developers to collaborate and build efficient ways to store, manage and retrieve 

data.  

 

5.5 Implementation Methodology 
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In the implementation of the design, all the field instrument devices (FIDs) need to be 

connected to the remote terminal unit (RTU). The Table 23 below summarizes all the FIDs 

interconnection to the RTU pins.  

Table 23: Field instrumentation devices interconnection 

Sr.# Field Instrument 

Device  

Signal 

type 

Remote 

Terminal 

Unit Pin 

1 Solar Voltage Senor Analogue A0 

2 Solar Current Sensor Analogue A1 

3 Inlet Pressure Analogue A2 

4 Inlet Temperature Analogue A3 

5 Pump Pressure Analogue A4 

6 Outlet Pressure Analogue A5 

7 Clean Water Tank 

Level 

Analogue A6 

8 Pump On/Off 

Control Relay 

Digital D6 

 

The FIDs data coming to the RTU is send to the MTU using the serial communication between 

RTU and MTU. The RTU is programmed with the firmata protocol to make the communication 

easier and faster. Firmata is a protocol for communicating with microcontrollers from a 

software based on computer. The protocol is loaded on the firmware of the microcontroller so 

that the microcontroller act as the support for that package. The most commonly implemented 

versions of firmata is for Arduino and Spark.io. The firmata source code can be found as 

Appendix A. After the communication between the RTU and MTU is achieved using the 

firmata protocol, Node-Red programming was carried out. The Node-Red execution and 
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programming is explained using the series of algorithms. The Algorithm 1 explains the field 

sensor data acquisition, display in Node-Red dashboard and storage in InfluxDB database. The 

Algorithm 2 elaborates the System operation whereas the Algorithm 3 outlines the alert system 

to the community. After the data acquisition is completed the data is stored in the InfluxDB 

database and later called by the Grafana for data analytics and visualization.  

 
Algorithm 1: Field Sensor Data Acquisition, Storage and Display 

 

Initialization; 

1. Start Service Node-Red 

2. Check Service Node-Red 

3. If Running 

a. Open localhost:1880 

b. While Read and store data from pins A0, A1, A2, A3, A4, A5 and A6 using 

/dev/ttyACM0 

i. Send A0, A1, A3 and A6 to chart display 

ii. Send A2, A4 and A5 to gauge display 

iii. Send A0 to Solar Current tag database 

iv. Send A1 to Solar Voltage tag database 

v. Send A2 to Inlet Pressure tag database 

vi. Send A3 to Inlet Temperature tag database 

vii. Send A4 to Pump Pressure tag database 

viii. Send A5 to Outlet Pressure tag database 

ix. Send A6 to Tank level tag database 

c. End 

4. Else Check System 

5. End 
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Algorithm 2: System Operation 

 

Initialization; 

1. Start Service Node-Red 

2. Check Service Node-Red 

3. If Running 

a. Open localhost:1880/ui 

b. Click System On button 

c. Click Pump On button 

4. Else 

a. Click Pump Off button 

5. Else If 

a. Click System Off button 

b. Pump Off button Automatically activated by interlocking 

6. End Check System 

7. End 

 

 

 

 

 

Algorithm 3: Alert System for Community 

 

Initialization; 

1. Start Service Node-Red 
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2. Check Service Node-Red 

3. If Running 

a. Open localhost:1880/ui 

b. Set Clean Water Level Lower Set Point Variable 

c. Set Clean Water Level Upper Set Point Variable 

d. While Read Dashboard button status and Pin A6 

i. If A6 value is less than the Clean Water Level Lower Set Point 

1. Send Message to community: “Warning, The clean water level 

availability is very low” 

ii. End 

iii. If A6 value is greater than the Clean Water Level Upper Set Point 

1. Send Message to community: “Notification, The clean water 

level availability is very High” 

iv. End 

v. If System ON button is active 

1. Send Message to the community “System Status: The System 

has been turned ON!” 

vi. Else If System OFF button is active 

1. Send Message to the community “System Status: The System 

has been turned OFF!” 

vii. Else If Pump ON button is active 

1. Send Message to the community “System Status: The Main 

Pump is running!” 

viii. Else if Pump OFF button is active 

1. Send Message to the community “System Status: The Main 

Pump turned OFF!” 
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ix. Else if Send Maintenance Alert Button is active 

1. Send Message to the community “Alert, The System will remain 

non-operational today because of maintenance activity. The 

system will be back online tomorrow. Apologies for the 

inconvenience caused!”  

x. Else if Send System Normalization Alert Button is active 

1. Send Message to the community “Alert, The system has been 

restored and fully functional after the maintenance shutdown” 

xi. End 

e. End 

4. End Check System 

5. End 

 

JavaScript code for algorithm 1 and 3 are presented in Appendix A.  

 

5.6 Prototype Design and Results 

 
The proposed experimental system setup is shown in figure 64 (Front view) and 65 (top view) 

using the above stated hardware and operating principles. As shown in the figure all the field 

devices are wired to the RTU which is then connected to the MTU (MacBook Pro) using USB 

cable. A 24 V DC and 5 V DC bus was created to power all the field devices. Two ABRA DC 

power supplies AB-3300 were used to generate the desired voltage which has the functionality 

to provide variable voltage and current. The power supply has the voltage range from 0 – 60V 

DC. A 10 Ohm, 300-Watt power rheostat is used as a load to generate the solar current. The 

variable power supply is further used to generate the required solar voltage. The three 

compressors are used to simulate the pressure values at different stages of the process. Two 

water cups filled with water are used to measure the water temperature and level in the 
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hardware prototype. The Metex M3800 digital millimeters were connected to measure voltages 

and current on point of interest to cross-check the measurement of field parameters. 

 

 

Figure 64:  Hardware prototype of system (Front view). 

 

Figure 65: Hardware prototype of system (Top view) 
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All system was powered up and steps are done to check the system operation. Firstly, Arduino 

IDE is opened in the MTU and firmata is uploaded to the microcontroller as shown in the 

figure. Node-Red Programming is carried out in the web-based programming environment and 

all logical operations were constructed as flow sequences. The figure 66 shows the Node Red 

programming flow diagram (code provided in Appendix A). Flow based servers and UIs were 

developed using Node-Red visual programming language [39, 40].   

 

Figure 66: Node-Red programming of the system. 

Node-Red dashboard was created with all major functions required for smooth system 

operation and sending messages alert to the community. The figure 67 shows the Node-Red 

Operational dashboard available for the user. 

 

Figure 67: Node-Red Dashboard for Operation. 
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The Node-Red real time monitoring dashboard was created to show the live values of several 

process parameter. Scaling of the analog return values were performed to read the actual 

pressure. The figure 68 shows the Node-Red real time monitoring dashboard. 

 

Figure 68: Node-Red Dashboard for Real-Time Monitoring. 

In order to store the data on local server InfluxDb is used as the database and tags of all process 

parameters were created. The figure 69 shows the database structure and tags generated in the 

system.  

 

Figure 69: InfluxDB database tag generation. 

The figure 70 further shows the last values stored inside the database that are directly coming 
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from the Node-Red programing to verify the operational functionality of the database. 

 

Figure 70: Verification of database functionality. 

Finally the stored database is called inside the Grafana web based data analytics tool. The 

figure 71 shows the dash board generated in Grafana visualization tool for viewing historical 

data and carrying out data analysis.  

 

Figure 71: Grafana based dashboard for historical data trending and data analytics. 

The GSM based system functionality was also verified by using the Node-Red online 

operational dashboard and messages were received on the mobile phone from Node-Red. The 

figure 72 shows all the messages received. 
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Figure 72: System alert messages received on mobile phone. 

5.7 Discussion 

 
This section aims to highlight some of the main features and benefits of the open-source, 

internet of things-based SCADA system of solar powered reverse osmosis system for a 

community realized following successful testing. 

 System Configuration: The System is designed in a unique configuration where web-

based approach is used for both logical programming and data analytics.  

 System safety: As a measure of system safety, the field devices are isolated using a 

remote terminal unit (RTU) to ensure that the system side is protected in the event of 

abnormal conditions.  

 Open Source: The complete system is based on free and open-source software that can 

be easily installed on any operating system. There is no license fee or yearly fee 

associated with the operation of the system. Hence, eliminating the operational cost of 

the system. 
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 Availability and Reliability of System: Since all the components used in the system are 

easily available in the market and all work is done locally including creation of local 

database ensure the user to have continuously reliable and available system. 

 Data Acquisition, Monitoring and Control: All data is locally collected using the RTU 

and monitored on a web-based monitoring and control system for operation and 

maintenance. 

 Data Storage: Data is locally stored in local server using InfluxDB, where using the 

Grafana based system you can have historian for data viewing. 

 Alert System for the Community: All important alerts regarding the system are 

promptly communicated to community members that rely on this water source for their 

daily needs. Consequently, if there is an abnormal water situation, the community is 

informed and can respond appropriately. 

 User Friendly Dashboard: An easy-to-use dashboard provides easy access to real-time 

and historian data. 

 Security: Due to the fact that the system stores data locally and does not transmit any 

information to a remote server, the system is a fully private and secure system. 

 Easy to Use System: The system will require a one-time training to any operator and 

can be easily used by any user. 

 Data Analytics: The System has the capability to carry out extensive data analytics as 

the data is now available at Grafana server that has very high processing and data 

analytics power. 

 Comprehensive guide for future research: The results of this research will serve as a 

guide for the development of clean water systems that are easy to install in any 

community, regardless of whether it is connected to the grid or not. 
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5.8 Conclusion 

 
Globally, use of clean energy and clean water scarcity remain the two biggest challenges. This 

paper discusses an elaborate system design that ensures the reverse osmosis desalination 

system, powered exclusively by renewable energy. There is a detailed description of the 

majority of field instrument devices required to monitor and control the system in the paper. 

Field devices are integrated with RTUs to acquire data, which is then transmitted to the MTUs 

for processing and control. A highly interactive and real-time monitoring and control HMI was 

also developed with the use of the Node-Red visual programming language. Furthermore, the 

most challenging aspect of the operation of any system is to ensure that its security is not 

compromised. Thus, in order to ensure the security of the system, InfluxDB is used as the 

database and is executed locally on the same MTU, storing the data on the local server so that 

only authorized personnel will be able to access it. As data-driven decisions and predictive 

analyses play a pivotal role in increasing the efficiency and performance of any system, 

Grafana is subsequently deployed on the same MTU as a web-based data analytics and 

predictive analytics application. A major advantage of all these applications is that they are 

free of charge and do not require a license or an annual fee, as well as being open source with 

easy access to updates. As a final point, the most important gap in all such systems and previous 

research work was the absence of a user alert system, as in a typical situation, users would have 

to visit the system in person to know the status and quantity of water available.  

Research such as this can be applied to many existing reverse osmosis-based desalination 

plants in many parts of the world to ensure that data analytics can be used to make better data-

driven decisions. It offers a programming-based integration method without any external 

hardware for extensive alert systems that can be used separately with a variety of systems. 

Renewable energy is used throughout the system, thereby contributing to its environmental 

friendliness. Based on the testing of the system, it has been demonstrated that it can be used to 
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remotely control and log data accurately in real-time. 
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CHAPTER 6: CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

The availability of clean drinking water is one of the biggest challenge of the world. Countries 

are trying to implement methods to avoid water crisis. Water is a basic necessity for everyone 

whether it is being used as a source of drinking, cleaning, and sanitation or by tons of process 

utilization. Worldwide the population is increasing exponentially that result in increasing 

demand for clean drinking water. All these concerns are highlighted time to time by the United 

Nations and in order to tackle this challenge United Nation has listed “clean water for all” as 

the sustainable development goal number 6.  Almost all processes in the world require power 

for execution from conventional power generation methods.  

Pakistan is a developing country with many challenges to focus on. The country holds a very 

strategic geographic location in terms of sea and air routes. The population of the country is 

increasing significantly which further put burden on communities to have clean and affordable 

drinking water and energy. This research focuses on a community located in the biggest city 

of Pakistan, Karachi, which has limited access to clean water and heavily rely on tanker system. 

The tanker system are trucks filled with water and provide clean water at high cost to the poor 

population of the community. To tackle the challenge of this community water desalination 

system was proposed in this thesis with solar powered system so that both of the world biggest 

challenges are addressed.  

An extensive literature review was carried out where different photovoltaic cells available in 

market, different types of water desalination system, details about reverse osmosis desalination 

system, understanding of existing Karachi water supply system and challenges, drinking water 

quality standards in comparison to Pakistan drinking water quality standard and extensive 

research papers were studied and compared. This review finalized the goad and objectives for 

the complete research work.  
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Based on the literature review it was concluded that solar powered reverse osmosis system 

turns out be the most feasible and sustainable solution hence system design, sizing and 

economic analysis was conducted. Since the design of the system has to be for the application 

for community in Pakistan, the data that is to be utilized in designing and running the model 

needs to be from Pakistan. Therefore, solar irradiance and daily average temperature data was 

collected from city called Karachi, located in Southern Sindh region of Pakistan. Furthermore 

community population was considered with requirement calculation for clean drinking water 

on daily basis. After data collection, HOMER Pro was used to not only build a system design 

and do photovoltaic sizing, but also to carry out a techno-economic feasibility analysis of 

proposed system. Finally, the model analysis was conducted and it provides the required 

number of solar modules and batteries needed in order to meet the load demand of reverse 

osmosis system that can easily provide clean drinking water to the community. The model also 

provided all relevant cost information including capital cost, maintenance cost, net present cost 

etc. 

Once the system design, sizing and economic analysis was complete, a dynamic model of the 

system could be built. Since the system includes multi-disciplinary domains, bond graph 

language was used to make the complete model of the system. Bond graph approach establishes 

a common vocabulary for understanding relationships and similarities among various 

modelling methodologies. It provides a uniform domain independent graphical representation 

of multidisciplinary models from which linearized state equations, system transfer functions 

or differential equation can be formed and solved. 20 SIM software was used for the complete 

modelling and simulation of the system. The main components of the model includes electrical 

system modelling, pump modelling and reverse osmosis system modelling. Once the model 

was complete, it was used to run tests for a variety of different scenarios that the system might 

encounter when being used in real life scenario compared with the baseline simulation result. 

These scenarios included when supply voltage is reduced due to intermittent solar radiation, 
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increased hydraulic resistance for clean water side when reverse osmosis membrane is clogged, 

increased pump impeller loss, increased brine water flow rate, reduced inlet pressure etc. All 

these tests gave successful results i.e. the overall system behaved as expected under all the 

above mentioned conditions. 

After the successful simulation based testing of the system, instrumentation and control of the 

system was designed. The system was divided and important field instrument devices required 

for electrical system and reverse osmosis system were highlighted. An elaborative process and 

instrument diagram was also generated so that the complete system flow can be seen. Control 

system which includes Arduino as remote terminal unit and node red as the main programming 

terminal were choses and monitoring and control loops were established. Finally, a low cost, 

open-source, internet of things based supervisory control and data acquisition system 

(SCADA) was developed. A detailed prototype was built in the laboratory where field 

instruments devices were installed followed by remote terminal unit and computer as main 

terminal unit. This computer system uses Node-Red as the main programming terminal, Node-

Red graphical user interface as the monitoring and control human machine interface, InfluxDB 

for local data storage to ensure security and privacy and Grafana for data analytics. In order to 

ensure that the community remain aware about all the updates and status of the system and 

elaborative alert system was integrated in the SCADA system. 

The main contributions of this thesis are listed below: 

 System design, PV sizing and economic analysis for a solar powered reverse osmosis 

desalination system based on a community in Karachi Pakistan. 

 Dynamic modelling of the system using bond graph modelling as the system 

incorporates multi-disciplinary domains of electrical, mechanical and hydraulic 

systems. 

 Design of field instrumentation devices for reverse osmosis system monitoring and 

control loops. 
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 Development of hardware prototype for an open-source, low-cost, internet of things 

based SCADA system with local database and Grafana based data analytics provision. 

 Development of an alert system for the community to be aware about status and updates 

from the system. 

 

6.2 Future Work 

While the research presented in this thesis focused on the design and analysis of a solar 

powered reverse osmosis system for a community in Pakistan, the innovative design and 

SCADA system approach can be used for a number of different desalination plants. Moreover, 

there are few things that can be further investigated in the design and analysis of a solar 

powered reverse osmosis system to ensure that the work can be easily translated into reality: 

 Firstly, the resources used for the PV design and system sizing were specific to Karachi 

Pakistan. The region had excellent solar irradiance which provided an ideal condition 

for system design. Also the community size defined the load of reverse osmosis system. 

It would be important to investigate the feasibility of reverse osmosis system based on 

different locations where solar irradiance is not much and community size is varying. 

This could have implications on system sizing and overall design.  

 Secondly, the dynamic modelling is a very vast field and there can be many inputs 

added to the system in order to see the most realistic and actual response. These factors 

could include system leakages, pressure pump faults, electrical jerks, detailed 

membrane and pump modelling utilizing a team of chemical and mechanical engineers 

etc. 

 As mentioned above, the design approach is versatile and can be used on different 

desalination system. The SCADA design is unique, low-cost, secure and provide 

reliable monitoring, control and alert system, which can be applied on different existing 
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desalination plants to make them work effectively. 
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Appendix A: Node Red JSON Code 

[{"id":"e19cb62755280239","type":"ui_gauge","z":"66d22c941c2b4f7a","name":"","group":

"46fd27459ff5a257","order":1,"width":0,"height":0,"gtype":"gage","title":"Inlet 

Pressure","label":"psi","format":"{{value}}","min":0,"max":"250","colors":["#00b500","#e6

e600","#ca3838"],"seg1":"","seg2":"","className":"","x":460,"y":300,"wires":[]},{"id":"dac

a1cc85c6fe3f6","type":"ui_chart","z":"66d22c941c2b4f7a","name":"","group":"67e5b65692

70f44d","order":1,"width":0,"height":0,"label":"Solar 

Current","chartType":"line","legend":"false","xformat":"HH:mm:ss","interpolate":"linear","n

odata":"","dot":false,"ymin":"","ymax":"","removeOlder":"20","removeOlderPoints":"","rem

oveOlderUnit":"1","cutout":0,"useOneColor":false,"useUTC":false,"colors":["#1f77b4","#ae

c7e8","#ff7f0e","#2ca02c","#98df8a","#d62728","#ff9896","#9467bd","#c5b0d5"],"outputs"

:1,"useDifferentColor":false,"className":"","x":490,"y":100,"wires":[[]]},{"id":"e437c172a

99eb165","type":"ui_chart","z":"66d22c941c2b4f7a","name":"","group":"67e5b6569270f44d

","order":2,"width":0,"height":0,"label":"Solar 

Voltage","chartType":"line","legend":"false","xformat":"HH:mm:ss","interpolate":"linear","

nodata":"","dot":false,"ymin":"","ymax":"","removeOlder":"20","removeOlderPoints":"","re

moveOlderUnit":"1","cutout":0,"useOneColor":false,"useUTC":false,"colors":["#1f77b4","#

aec7e8","#ff7f0e","#2ca02c","#98df8a","#d62728","#ff9896","#9467bd","#c5b0d5"],"output

s":1,"useDifferentColor":false,"className":"","x":470,"y":200,"wires":[[]]},{"id":"2fbf9910

950159a8","type":"ui_button","z":"66d22c941c2b4f7a","name":"","group":"1aa03ee7932a57

29","order":1,"width":0,"height":0,"passthru":false,"label":"System 

ON","tooltip":"","color":"","bgcolor":"","className":"","icon":"","payload":"true","payload

Type":"bool","topic":"topic","topicType":"msg","x":770,"y":620,"wires":[["87625954e815df

82","4f720392fecedbda","f4c496d296a96d68","9c48f7d63d15a4bb"]]},{"id":"87625954e81

5df82","type":"ui_text","z":"66d22c941c2b4f7a","group":"1aa03ee7932a5729","order":3,"wi
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dth":0,"height":0,"name":"","label":"System 

Status","format":"{{msg.payload}}","layout":"col-

center","className":"","x":1160,"y":420,"wires":[]},{"id":"6bc9509d24a0a20b","type":"ui_

button","z":"66d22c941c2b4f7a","name":"","group":"1aa03ee7932a5729","order":2,"width":

0,"height":0,"passthru":false,"label":"System 

OFF","tooltip":"","color":"","bgcolor":"","className":"","icon":"","payload":"false","payloa

dType":"bool","topic":"topic","topicType":"msg","x":790,"y":680,"wires":[["87625954e815

df82","4f720392fecedbda","ef2c1e7cda63d85f"]]},{"id":"defe46ccc2366c96","type":"arduin

o 

in","z":"66d22c941c2b4f7a","name":"","pin":"2","state":"ANALOG","arduino":"6c6c1fbf4c

f20203","x":170,"y":300,"wires":[["e19cb62755280239","02220de324010529","8721f1d876

8e39d7"]]},{"id":"19c09715074c7775","type":"arduino 

in","z":"66d22c941c2b4f7a","name":"","pin":"0","state":"ANALOG","arduino":"6c6c1fbf4c

f20203","x":170,"y":100,"wires":[["daca1cc85c6fe3f6","d3a15fbc60c04614","d5995736ed3

b77f9"]]},{"id":"46abf98cd90fda1f","type":"arduino 

in","z":"66d22c941c2b4f7a","name":"","pin":"1","state":"ANALOG","arduino":"6c6c1fbf4c

f20203","x":170,"y":200,"wires":[["e437c172a99eb165","92202aeeb389bd82","bd5c2393b7

f0e08a"]]},{"id":"4f720392fecedbda","type":"arduino 

out","z":"66d22c941c2b4f7a","name":"","pin":"3","state":"OUTPUT","arduino":"6c6c1fbf4c

f20203","x":1150,"y":480,"wires":[]},{"id":"d3a15fbc60c04614","type":"debug","z":"66d22

c941c2b4f7a","name":"debug 

1","active":false,"tosidebar":true,"console":false,"tostatus":false,"complete":"payload","targe

tType":"msg","statusVal":"","statusType":"auto","x":460,"y":40,"wires":[]},{"id":"92202aee

b389bd82","type":"debug","z":"66d22c941c2b4f7a","name":"debug 

2","active":false,"tosidebar":true,"console":false,"tostatus":false,"complete":"payload","targe

tType":"msg","statusVal":"","statusType":"auto","x":460,"y":160,"wires":[]},{"id":"02220de
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324010529","type":"debug","z":"66d22c941c2b4f7a","name":"debug 

3","active":false,"tosidebar":true,"console":false,"tostatus":false,"complete":"payload","targe

tType":"msg","statusVal":"","statusType":"auto","x":440,"y":260,"wires":[]},{"id":"5e8810b

dc7f7f952","type":"ui_chart","z":"66d22c941c2b4f7a","name":"","group":"46fd27459ff5a25

7","order":2,"width":0,"height":0,"label":"Inlet 

Temperature","chartType":"line","legend":"false","xformat":"HH:mm:ss","interpolate":"line

ar","nodata":"","dot":false,"ymin":"","ymax":"","removeOlder":"20","removeOlderPoints":""

,"removeOlderUnit":"1","cutout":0,"useOneColor":false,"useUTC":false,"colors":["#1f77b4"

,"#aec7e8","#ff7f0e","#2ca02c","#98df8a","#d62728","#ff9896","#9467bd","#c5b0d5"],"out

puts":1,"useDifferentColor":false,"className":"","x":490,"y":400,"wires":[[]]},{"id":"e2d85

b9158150bb0","type":"arduino 

in","z":"66d22c941c2b4f7a","name":"","pin":"3","state":"ANALOG","arduino":"6c6c1fbf4c

f20203","x":170,"y":400,"wires":[["5e8810bdc7f7f952","73dcc2130c33ef2d","7c7308e1a2d

2e42b"]]},{"id":"73dcc2130c33ef2d","type":"debug","z":"66d22c941c2b4f7a","name":"debu

g 

4","active":false,"tosidebar":true,"console":false,"tostatus":false,"complete":"payload","targe

tType":"msg","statusVal":"","statusType":"auto","x":460,"y":360,"wires":[]},{"id":"f748039

55a449a63","type":"arduino 

in","z":"66d22c941c2b4f7a","name":"","pin":"5","state":"ANALOG","arduino":"6c6c1fbf4c

f20203","x":170,"y":600,"wires":[["b82e51e77e312289","d7ce26664b57a248","5f631e9dfb4

8c4b3"]]},{"id":"b82e51e77e312289","type":"debug","z":"66d22c941c2b4f7a","name":"deb

ug 

5","active":false,"tosidebar":true,"console":false,"tostatus":false,"complete":"payload","targe

tType":"msg","statusVal":"","statusType":"auto","x":460,"y":560,"wires":[]},{"id":"d7ce266

64b57a248","type":"ui_gauge","z":"66d22c941c2b4f7a","name":"","group":"7b6e6479fec5e

d09","order":1,"width":0,"height":0,"gtype":"gage","title":"Outlet 
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Pressure","label":"psi","format":"{{value}}","min":0,"max":"250","colors":["#00b500","#e6

e600","#ca3838"],"seg1":"","seg2":"","className":"","x":480,"y":600,"wires":[]},{"id":"d0b

1df3291c9fc22","type":"ui_chart","z":"66d22c941c2b4f7a","name":"","group":"7b6e6479fec

5ed09","order":2,"width":0,"height":0,"label":"Clean Water Tank 

Level","chartType":"line","legend":"false","xformat":"HH:mm:ss","interpolate":"linear","no

data":"","dot":false,"ymin":"","ymax":"","removeOlder":"20","removeOlderPoints":"","remo

veOlderUnit":"1","cutout":0,"useOneColor":false,"useUTC":false,"colors":["#1f77b4","#aec

7e8","#ff7f0e","#2ca02c","#98df8a","#d62728","#ff9896","#9467bd","#c5b0d5"],"outputs":

1,"useDifferentColor":false,"className":"","x":510,"y":700,"wires":[[]]},{"id":"1d1eb6ea05

cda3a6","type":"arduino 

in","z":"66d22c941c2b4f7a","name":"","pin":"6","state":"ANALOG","arduino":"6c6c1fbf4c

f20203","x":170,"y":700,"wires":[["d0b1df3291c9fc22","16ea9c239e8541da","4dc9a751abe

db4f7","d4602af4e1d874d4","7d9422173149e539"]]},{"id":"16ea9c239e8541da","type":"de

bug","z":"66d22c941c2b4f7a","name":"debug 

6","active":true,"tosidebar":true,"console":false,"tostatus":false,"complete":"payload","target

Type":"msg","statusVal":"","statusType":"auto","x":460,"y":660,"wires":[]},{"id":"d3abc85

e1c4d7c8d","type":"arduino 

in","z":"66d22c941c2b4f7a","name":"","pin":"4","state":"ANALOG","arduino":"6c6c1fbf4c

f20203","x":170,"y":500,"wires":[["8d874a5410965b7e","a41e6eae6a20a2c9","5a9cc90c0e7

45f91"]]},{"id":"8d874a5410965b7e","type":"debug","z":"66d22c941c2b4f7a","name":"deb

ug 

7","active":false,"tosidebar":true,"console":false,"tostatus":false,"complete":"payload","targe

tType":"msg","statusVal":"","statusType":"auto","x":460,"y":460,"wires":[]},{"id":"a41e6ea

e6a20a2c9","type":"ui_gauge","z":"66d22c941c2b4f7a","name":"","group":"28bf606ea75ad

add","order":1,"width":0,"height":0,"gtype":"gage","title":"Pump 

Pressure","label":"psi","format":"{{value}}","min":0,"max":"250","colors":["#00b500","#e6
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e600","#ca3838"],"seg1":"","seg2":"","className":"","x":480,"y":500,"wires":[]},{"id":"860

a0379d1f61c58","type":"ui_text","z":"66d22c941c2b4f7a","group":"84222b1d01e60129","or

der":3,"width":0,"height":0,"name":"","label":"Pump 

Status","format":"{{msg.payload}}","layout":"col-

center","className":"","x":490,"y":860,"wires":[]},{"id":"7fe406631e7bccf1","type":"ardui

no 

out","z":"66d22c941c2b4f7a","name":"","pin":"6","state":"OUTPUT","arduino":"6c6c1fbf4c

f20203","x":970,"y":840,"wires":[]},{"id":"2083b3147d799b10","type":"ui_button","z":"66d

22c941c2b4f7a","name":"","group":"84222b1d01e60129","order":1,"width":0,"height":0,"pa

ssthru":false,"label":"Pump 

ON","tooltip":"","color":"","bgcolor":"","className":"","icon":"","payload":"true","payload

Type":"bool","topic":"topic","topicType":"msg","x":180,"y":800,"wires":[["7fe406631e7bcc

f1","860a0379d1f61c58","dbe36386e2473459","56124fdcb3c89af7"]]},{"id":"6fd982aa8ee1

d761","type":"ui_button","z":"66d22c941c2b4f7a","name":"","group":"84222b1d01e60129",

"order":2,"width":0,"height":0,"passthru":false,"label":"Pump 

OFF","tooltip":"","color":"","bgcolor":"","className":"","icon":"","payload":"false","payloa

dType":"bool","topic":"topic","topicType":"msg","x":190,"y":860,"wires":[["7fe406631e7bc

cf1","860a0379d1f61c58","ae3af01f2e75c7c1"]]},{"id":"1440feb1df6aa763","type":"trigger"

,"z":"66d22c941c2b4f7a","name":"Maintenance alert to community","op1":"ALERT, The 

system will remain non operational today because of maintenance activity. The system will be 

back online tomorrow. Apologies for the inconvinence 

caused!","op2":"0","op1type":"str","op2type":"str","duration":"-

12","extend":false,"overrideDelay":false,"units":"hr","reset":"false","bytopic":"all","topic":"t

opic","outputs":1,"x":1390,"y":60,"wires":[["9bc5cf63289676e9","a23b424ce31ab227"]]},{"

id":"9bc5cf63289676e9","type":"e-

mail","z":"66d22c941c2b4f7a","server":"smtp.gmail.com","port":"465","secure":true,"tls":tr

http://smtp.gmail.com/
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ue,"name":"7092199791@msg.telus.com","dname":"","x":1880,"y":400,"wires":[]},{"id":"3

4da0b71be09633e","type":"ui_button","z":"66d22c941c2b4f7a","name":"","group":"3d3554

addfd3284e","order":1,"width":6,"height":2,"passthru":false,"label":"Send Maintenance 

Alert","tooltip":"","color":"","bgcolor":"","className":"","icon":"","payload":"true","payloa

dType":"bool","topic":"topic","topicType":"msg","x":1090,"y":60,"wires":[["1440feb1df6aa

763"]]},{"id":"a23b424ce31ab227","type":"ui_text","z":"66d22c941c2b4f7a","group":"eabf1

0c445de3f5a","order":1,"width":5,"height":3,"name":"","label":"","format":"{{msg.payload}

}","layout":"col-

center","className":"","x":1850,"y":100,"wires":[]},{"id":"1fe08ceefa68bf24","type":"trigg

er","z":"66d22c941c2b4f7a","name":"System normalization alert to 

community","op1":"ALERT, The system has been restored and fully functional after the 

maintenance Shutdown!","op2":"0","op1type":"str","op2type":"str","duration":"-

12","extend":false,"overrideDelay":false,"units":"hr","reset":"false","bytopic":"all","topic":"t

opic","outputs":1,"x":1460,"y":140,"wires":[["a23b424ce31ab227","9bc5cf63289676e9"]]},{

"id":"bf31a2bffe60cd3e","type":"ui_button","z":"66d22c941c2b4f7a","name":"","group":"3d

3554addfd3284e","order":2,"width":6,"height":2,"passthru":false,"label":"Send System 

Normalization 

Alert","tooltip":"","color":"","bgcolor":"","className":"","icon":"","payload":"true","payloa

dType":"bool","topic":"topic","topicType":"msg","x":1100,"y":140,"wires":[["1fe08ceefa68

bf24"]]},{"id":"4dc9a751abedb4f7","type":"function","z":"66d22c941c2b4f7a","name":"fun

ction 1","func":"if(msg.payload <= '37')\n{\n    msg.payload = 

'true'\n    }\nelse\n{\n    msg.payload = 'false'\n}\nreturn 

msg;","outputs":1,"noerr":0,"initialize":"","finalize":"","libs":[],"x":460,"y":760,"wires":[["0

496fd60f52b4a6c"]]},{"id":"0496fd60f52b4a6c","type":"trigger","z":"66d22c941c2b4f7a","

name":"Low level alert to community","op1":"ALERT, The water level in the system is 

LOW!","op2":"0","op1type":"str","op2type":"str","duration":"-
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12","extend":false,"overrideDelay":false,"units":"hr","reset":"false","bytopic":"all","topic":"t

opic","outputs":1,"x":700,"y":760,"wires":[[]]},{"id":"d4602af4e1d874d4","type":"function"

,"z":"66d22c941c2b4f7a","name":"function 2","func":"if(msg.payload >= 

'55')\n{\n    msg.payload = 'true'\n    }\nelse\n{\n    msg.payload = 'false'\n}\nreturn 

msg;","outputs":1,"noerr":0,"initialize":"","finalize":"","libs":[],"x":460,"y":820,"wires":[["0

130930e7062d2d8"]]},{"id":"0130930e7062d2d8","type":"trigger","z":"66d22c941c2b4f7a",

"name":"High level alert to community","op1":"ALERT, The water level in the system is 

HIGH!","op2":"0","op1type":"str","op2type":"str","duration":"-

12","extend":false,"overrideDelay":false,"units":"hr","reset":"false","bytopic":"all","topic":"t

opic","outputs":1,"x":700,"y":820,"wires":[[]]},{"id":"f4c496d296a96d68","type":"trigger","

z":"66d22c941c2b4f7a","name":"System Turn ON update to community","op1":"System 

Status: The System has been turned 

ON!","op2":"0","op1type":"str","op2type":"str","duration":"-

12","extend":false,"overrideDelay":false,"units":"hr","reset":"false","bytopic":"all","topic":"t

opic","outputs":1,"x":1330,"y":600,"wires":[["9bc5cf63289676e9","a23b424ce31ab227"]]},{

"id":"efcaa6991f25e221","type":"trigger","z":"66d22c941c2b4f7a","name":"System Turn 

OFF update to community","op1":"System Status: The System has been turned 

OFF!","op2":"0","op1type":"str","op2type":"str","duration":"-

12","extend":false,"overrideDelay":false,"units":"hr","reset":"false","bytopic":"all","topic":"t

opic","outputs":1,"x":1620,"y":500,"wires":[["9bc5cf63289676e9","a23b424ce31ab227"]]},{

"id":"dbe36386e2473459","type":"trigger","z":"66d22c941c2b4f7a","name":"main pump 

turn ON technical fault solved","op1":"System Status: The main pump is back ON after 

technical problem is solved!","op2":"0","op1type":"str","op2type":"str","duration":"-

12","extend":false,"overrideDelay":false,"units":"hr","reset":"false","bytopic":"all","topic":"t

opic","outputs":1,"x":1180,"y":240,"wires":[["9bc5cf63289676e9","a23b424ce31ab227"]]},{

"id":"48b7513858853470","type":"trigger","z":"66d22c941c2b4f7a","name":"Main pump 
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turn off technical fault","op1":"System Status: The main pump is turned OFF due to some 

technical problem!","op2":"0","op1type":"str","op2type":"str","duration":"-

12","extend":false,"overrideDelay":false,"units":"hr","reset":"false","bytopic":"all","topic":"t

opic","outputs":1,"x":1180,"y":320,"wires":[["9bc5cf63289676e9","a23b424ce31ab227"]]},{

"id":"ae3af01f2e75c7c1","type":"change","z":"66d22c941c2b4f7a","name":"Switch","rules":

[{"t":"set","p":"payload","pt":"msg","to":"true","tot":"bool"}],"action":"","property":"","fro

m":"","to":"","reg":false,"x":830,"y":880,"wires":[["48b7513858853470"]]},{"id":"ef2c1e7c

da63d85f","type":"change","z":"66d22c941c2b4f7a","name":"Switch","rules":[{"t":"set","p"

:"payload","pt":"msg","to":"true","tot":"bool"}],"action":"","property":"","from":"","to":"","r

eg":false,"x":1270,"y":540,"wires":[["efcaa6991f25e221"]]},{"id":"d5995736ed3b77f9","typ

e":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"Solar_Current","me

asurement":"SOLAR_CURRENT","precision":"","retentionPolicy":"","database":"database",

"precisionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","bucket":"b

ucket","x":780,"y":60,"wires":[]},{"id":"bd5c2393b7f0e08a","type":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"Solar_Voltage","me

asurement":"SOLAR_VOLTAGE","precision":"","retentionPolicy":"","database":"database"

,"precisionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","bucket":"b

ucket","x":780,"y":120,"wires":[]},{"id":"8721f1d8768e39d7","type":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"Inlet_Pressure","me

asurement":"INLET_PRESSURE","precision":"","retentionPolicy":"","database":"database",

"precisionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","bucket":"b

ucket","x":780,"y":180,"wires":[]},{"id":"7c7308e1a2d2e42b","type":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"Inlet_Temperature",

"measurement":"INLET_TEMPERATURE","precision":"","retentionPolicy":"","database":"

database","precisionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","
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bucket":"bucket","x":790,"y":240,"wires":[]},{"id":"5a9cc90c0e745f91","type":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"Pump_Pressure","m

easurement":"PUMP_PRESSURE","precision":"","retentionPolicy":"","database":"database"

,"precisionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","bucket":"b

ucket","x":780,"y":300,"wires":[]},{"id":"5f631e9dfb48c4b3","type":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"Outlet_Pressure","m

easurement":"OUTLET_PRESSURE","precision":"","retentionPolicy":"","database":"databa

se","precisionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","bucket

":"bucket","x":780,"y":360,"wires":[]},{"id":"7d9422173149e539","type":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"Tank_Level","meas

urement":"TANK_LEVEL","precision":"","retentionPolicy":"","database":"database","precis

ionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","bucket":"bucket",

"x":770,"y":420,"wires":[]},{"id":"56124fdcb3c89af7","type":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"Pump_Status","mea

surement":"PUMP_STATUS","precision":"","retentionPolicy":"","database":"database","pre

cisionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","bucket":"bucke

t","x":780,"y":480,"wires":[]},{"id":"9c48f7d63d15a4bb","type":"influxdb 

out","z":"66d22c941c2b4f7a","influxdb":"ddfa7dc55332b837","name":"System_Status","me

asurement":"SYSTEM_STATUS","precision":"","retentionPolicy":"","database":"database",

"precisionV18FluxV20":"ms","retentionPolicyV18Flux":"","org":"organisation","bucket":"b

ucket","x":780,"y":540,"wires":[]},{"id":"46fd27459ff5a257","type":"ui_group","name":"Inl

et 

Parameters","tab":"2de2fb68707c8cbd","order":1,"disp":true,"width":"5","collapse":false,"cl

assName":""},{"id":"67e5b6569270f44d","type":"ui_group","name":"Electrical 

Data","tab":"2de2fb68707c8cbd","order":4,"disp":true,"width":"5","collapse":false,"classNa

me":""},{"id":"1aa03ee7932a5729","type":"ui_group","name":"System 
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Control","tab":"de854b67da3161d0","order":1,"disp":true,"width":"5","collapse":false,"class

Name":""},{"id":"6c6c1fbf4cf20203","type":"arduino-

board","device":"/dev/ttyACM0"},{"id":"7b6e6479fec5ed09","type":"ui_group","name":"Ou

tlet 

Parameters","tab":"2de2fb68707c8cbd","order":3,"disp":true,"width":"5","collapse":false,"cl

assName":""},{"id":"28bf606ea75adadd","type":"ui_group","name":"Pump 

Pressure","tab":"2de2fb68707c8cbd","order":2,"disp":true,"width":"5","collapse":false,"class

Name":""},{"id":"84222b1d01e60129","type":"ui_group","name":"Pump 

Control","tab":"de854b67da3161d0","order":2,"disp":true,"width":"5","collapse":false,"class

Name":""},{"id":"3d3554addfd3284e","type":"ui_group","name":"Alerts 

Management","tab":"de854b67da3161d0","order":3,"disp":true,"width":"6","collapse":false,

"className":""},{"id":"eabf10c445de3f5a","type":"ui_group","name":"**Latest Update Sent 

to 

Community**","tab":"de854b67da3161d0","order":4,"disp":true,"width":"5","collapse":false

,"className":""},{"id":"ddfa7dc55332b837","type":"influxdb","hostname":"127.0.0.1","port

":"8086","protocol":"http","database":"REVERSE_OSMOSIS_DATABASE","name":"","us

etls":false,"tls":"","influxdbVersion":"1.x","url":"http://localhost:8086","rejectUnauthorized"

:true},{"id":"2de2fb68707c8cbd","type":"ui_tab","name":"Solar Powered Reverse Osmosis 

System - Process 

Parameters","icon":"dashboard","order":2,"disabled":false,"hidden":false},{"id":"de854b67d

a3161d0","type":"ui_tab","name":"Solar Powered Reverse Osmosis System  - Main 

Control","icon":"fa-fire","order":1,"disabled":false,"hidden":false}] 
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